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Abstract 
 
Although the cold hardiness of primary buds has been examined for grape cultivars 
and is used as a principle factor of grapevine cold hardiness, freezing tolerance capacity in 
the rest of the vine has received relatively little attention.  This investigation characterized 
freezing tolerance and protein expression of ‘Frontenac’ and ‘Seyval blanc’ grape cane 
tissues during the overwintering periods of autumnal cold acclimation, midwinter, and vernal 
deacclimation including dehydrin proteins that may be used to describe cultivar freezing 
tolerance.  Controlled, laboratory freezing tests were conducted with field acclimated or 
deacclimated bark and xylem tissues from grape canes.  SDS-PAGE profiles and 
immunoblots for dehydrins were used to qualitatively and quantitatively assess protein 
expression.  ‘Frontenac’ bark tissues demonstrated a capacity to achieve greater freezing 
tolerance than xylem tissue in late acclimation and midwinter, which may have contributed to 
greater overall freezing tolerance during midwinter.  On the other hand, ‘Seyval blanc’ 
showed a greater capacity for reacclimation after a freezing event during the observed 
deacclimation period.  SDS-PAGE profiles showed a 36-kDa protein expressed during the 
lowest air temperatures and when the lowest LT50 values for ‘Frontenac’ tissues were 
observed.  Although the 36-kDa protein was not identified as a dehydrin, proteins at 43, 41, 
39, 19, 12 and 10 kDa were confirmed as dehydrins.  Tissues that were observed to have the 
greatest capacity for midwinter freezing tolerance also showed greatest expression of a 39-
kDa dehydrin.  The 12 and 10-kDa dehydrins were not visible on SDS-PAGE profiles, but 
were detected by the antidehydrin antibody.  A 12-kDa dehydrin appeared unique to 
‘Frontenac’ and a 10-kDa dehydrin was unique to bark profiles.  The 36-kDa protein and 
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dehydrins at 39, 12, and 10 kDa had greatest association with high freezing tolerance in 
grapevine. 
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  CHAPTER 1.  GENERAL INTRODUCTION 
 
Thesis Organization 
This thesis contains three chapters that include a general introduction, the description 
of the experiment, and general conclusions.  Chapter one includes a general introduction to 
the experiment and a review of the relevant literature.  Chapter two discusses the experiment 
and is written in manuscript format to be submitted to the Journal of the American Society 
for Horticultural Science.  The third chapter provides general conclusions. 
 
Introduction 
The overall objective of this investigation was to characterize autumnal acclimation, 
midwinter, and vernal deacclimation of bark and xylem cane tissues of ‘Frontenac’ and 
‘Seyval blanc’ grapevines.  Specific sub objectives included characterizing differences 
associated with maximum freezing tolerance, acclimation, and deacclimation rates between a 
very hardy and a moderately hardy grape cultivar grown in Iowa, and characterizing possible 
biochemical markers that may be used to identify cultivar sensitivities at different periods 
during the winter season.  
The Iowa grape and wine industry has been expanding in recent years and the number 
and variety of available cultivars has been expanding along with the industry.  As of June, 
2009 Iowa had 74 licensed wineries and 398 commercial vineyards with at least one vineyard 
and/or winery in 91 of 99 counties (White, 2009).   
This growing industry is dependent on cultivars that can withstand winter climate 
conditions observed in the Midwest.  Grape cultivars are typically rated for cold hardiness 
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before they are released, but other parameters may not have been assessed.  Primary bud 
survival within regional, winter climate zones is used to evaluate cold hardiness for a 
particular cultivar because primary buds are the most sensitive organ to freezing injury on the 
grapevine (Ahmedullah, 1985).  However, the freezing tolerance of overwintering grape cane 
tissues has not been explored for these new interspecific cultivars, nor has an evaluation of 
freezing tolerance of cane tissues at different periods during the acclimation and winter 
seasons.  
Cultivar selection for particular sites can be difficult because little is known about 
individual freezing tolerances of interspecific cultivars at different times during the winter 
season.  Expression of dehydrin proteins in association with freezing tolerance in two grape 
cultivars that differ in cold hardiness may provide information concerning cultivar sensitivity 
to the timing or degree of freezing stress and provide possible markers for freezing tolerance 
in grapevine bark and xylem tissues.   
 
Literature Review 
Grapevine cultivars are rated for cold hardiness based on the capacity of the cultivar’s 
primary buds to withstand the lowest temperature that is expected within a region (Smiley et 
al., 2008).  Ratings are assigned based on bud hardiness using a six-increment scale ranging 
from very sensitive to freezing (1) to very cold hardy (6), such that the cultivar has the 
capacity to maintain live primary buds and productivity despite winter exposures as low as 
−40 ºC (Reisch et al., 1993).  The focus of this thesis research was to characterize differences 
in freezing tolerance and protein expression of bark and xylem from cane tissues of 
‘Frontenac’, which is categorized as very cold hardy (6), and ‘Seyval blanc’, which is 
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categorized as moderately cold hardy (4), during autumnal cold acclimation, midwinter 
period, and vernal deacclimation.    
Overwintering cane tissues are important for continued crop productivity in the 
subsequent growing season.  Dehydrin protein expression was of particular interest because 
of reputed association with increased freezing tolerance and properties that may prevent 
injury imposed by freezing stress.  Particular proteins or patterns of expression may serve as 
possible biochemical markers for freezing tolerance in grapevine bark and xylem tissues or 
indicate cultivar sensitivity to certain conditions are frequently observed at a particular 
vineyard site (Bray et al., 2000; Stergios and Howell, 1977).   
At the Iowa State University Horticulture Research Station (HRS), near Gilbert, Iowa, 
Frontenac has shown superior winter survival relative to other cultivars at the same site with 
5.1 live primary shoots per 0.3 m of cordon.  In comparison, Seyval blanc showed greater 
winter injury with only 1.3 live primary shoots per 0.3 m of cordon compared with other 
cultivars of similar cold hardiness that had as many as 2.4 or 3.6 primary shoots per 0.3 m of 
cordon (Domoto et al., 2008).  A differential amount of winter injury occurred among these 
moderately hardy cultivars despite their similar cold hardiness ratings.  This may indicate 
that the other moderately hardy cultivars possessed physiological capacities for winter 
survival at the HRS more similar to Frontenac, whereas Seyval blanc may not have a 
capacity that was as similar to Frontenac.  Certain biochemical and physiological aspects, 
such as water content, lipid composition of membranes, certain osmolytes, and certain 
proteins that may be influenced by freezing stress (Guy, 1990; Mazur, 1969; Renaut et al., 
2004; Thomashow, 1999; Xin and Browse, 2000), may be used to provide a more 
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comprehensive analysis of a cultivar’s capacity to tolerate freezing stress than apparent 
winter survival of grapevine tissues at a particular site. 
Interspecific cultivars 
Wine and table grapes were traditionally cultivated from Vitis vinifera L. subsp. 
sylvestrus with origin in Asia minor (Arroyo-García et al., 2006).  Plants in the genus Vitis 
are woody, perennial vines with an indeterminate growth habit in the family Vitaceae and 
order Rhaminales.  Vitis vinifera cultivars are typically freezing tolerant between −10 to −20 
ºC (Fennell, 2004; Lipe et al., 1992; Muniz et al., 1991), which is not suitable for 
overwintering in central Iowa.  However, interspecific, hybrid cultivars that are currently 
grown in the Midwest typically have at least one parent native to North America, and may 
have one or more V. vinifera parents.  North American Vitis spp. have been used to engender 
novel wine and table cultivars with increased freezing tolerance and overall cold hardiness 
(Hemstad and Luby, 2000; Reisch et al., 1997).  Vitis riparia [Michx.] has been recorded as 
cold hardy to ≈ −40 ºC (Pierquet and Stushnoff, 1980), and when used as a parent plant the 
progeny are very cold-hardy interspecific cultivars.  Vitis labrusca [Michx.], is also used to 
increase cold hardiness in new cultivars that are typically hardy to −26 ºC to −29 ºC, such as 
‘Concord’ (Stergios and Howell, 1977; Zabadal et al., 2007).  Cultivars popular for juice and 
preserves, such as Concord, Niagara, and Catawba, are cultivated from V. labrusca.  Vitis 
aestivalis [Michx.], is also commonly used in cultivar breeding for northern climates, and 
grows in climates with average winter temperature minima between −12.2 ºC to −26.1 ºC.  
Vitis rupestris [Scheele] is also native to North America, but Iowa and much of the upper 
Midwest are not included in its native distribution and it may be less cold hardy than V. 
riparia or V. labrusca (Cathey, 1990). 
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 Interspecific cultivars, derived from any combination of the aforementioned species, 
can range widely in freezing tolerance (Zabadal et al., 2007).  Some of the most freezing 
tolerant cultivars, such as St. Croix (primarily V. labrusca ×V. riparia) or Frontenac, 
(primarily V. vinifera ×V. riparia) may be derived from different parents but have similar 
cold hardiness ratings.  However, cultivars differing in cold hardiness, such as Bluebell with 
a cold hardiness of below −29 °C and Edelweiss with a cold hardiness of −26 °C are 
examples of similar interspecific hybridizations of V. riparia and V. labrusca cultivars.  The 
capacity of grapevine cultivars to survive minimum temperature exposures over winter and 
maintain productivity is referred to as cold hardiness (Ahmedullah, 1985; Levitt, 1980; 
Zabadal et al., 2007), and freezing tolerance of various tissues within the grapevine is an 
important aspect of cold hardiness (Welling et al., 2002; Wisniewski and Arora, 2000).  
Preceding environmental temperatures, rate of temperature decline, or other physiological 
factors may influence freezing tolerance and overall cold hardiness (Zabadal et al., 2007).  
However, little has been described about freezing tolerance of different grapevine tissues 
during different points in the winter season, or how these sensitivities may affect hardiness 
under different site conditions (Fennell, 2004; Wolf et al., 2008).   
Grape cane xylem and phloem  
Grape canes are the result of growth from the current season that will supply new 
fruiting shoots in the following spring.  Buds are retained at pruning on an overwintering 
cane to develop an appropriate number of new shoots for a training system.  Typically, at 
least 30 cm of the length of the cane must tolerate freezing stresses during the dormant 
season to allow retention of enough buds and maintenance of vine productivity.  
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Grape-cane internodes are growth accumulated from one year composed from the 
center outward of pith, primary xylem, secondary xylem, vascular cambium, secondary 
phloem, cork cambium, and periderm.  The primary phloem is cut off by the cork cambium 
and is shed with the periderm in grapevine canes (Esau, 1965; Pratt, 1974), and sieve plates 
are covered with callose as vines enter dormancy toward the end of the growing season 
(Esau, 1965; Pratt, 1974).  This callose is removed from sieve plates upon exit from 
dormancy and can resume activity (Esau, 1948).  Xylem tissues are formed toward the inside 
of the vascular cambium and form an outer ring (Pratt, 1974).  As well as forming the more 
outer tissue layer, phloem ray cells have thin walls compared with those of xylem ray cells 
(Pratt, 1974) and have been observed as more sensitive to freezing injury (Slater et al., 1991).   
The primary bud is typically responsible for crop production, although other buds 
may also be fruitful.  Vitis spp. produce a three-bud complex in leaf axils that will overwinter 
to provide a crop and renew vegetative structures for the following growing season (Pratt, 
1971, 1974).  The primary bud is the most sensitive to freezing injuries of the three buds 
(Jones et al., 2000; Pierquet et al., 1977; Quamme, 1986).  Vascular tissues in grape canes are 
typically more cold hardy than tissues of primary buds, but can be of equal concern 
compared to secondary buds since interspecific cultivars can also be productive on secondary 
buds (Zabadal et al., 2007).  Furthermore, injury to primary and secondary buds occurs 
individually such that other buds on the same cane may remain productive if others are 
injured, whereas injury to vascular tissues can prevent new growth from live buds (Fennell, 
2004; Pierquet et al., 1977) and diminish the health and value of the vine for several years 
(Zabadal et al., 2007).   
Influence of climate 
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Grapevine cultivars require a certain degree of freezing tolerance to be sustainable in 
Iowa.  This tolerance should accommodate freezing conditions during the transition to 
maximum freezing tolerance, the potential temperature minimum for a site, and freezing 
conditions after some amount of deacclimation has occurred (Arora and Lim, 2005; Bordelon 
et al., 1997; Fennell, 2004).  Interspecific cultivars that are recommended for production in 
Iowa, USDA climate regions 4b or 5a, should be cold hardy to ≈ −30 °C (Cathey, 1990).  
These temperature ranges represent expected low temperatures observed in these regions, 
although, temperatures frequently reach lower minimums, which can cause winter injuries to 
grapevine buds, trunks, and overwintering canes (Wolf et al., 2008).   
Regional temperature ranges determine cultivar selection, however, local site 
conditions can alter minimum temperatures expected within a region.  Local mesoclimates at 
vineyard sites can have attributes such as slopes, aspects, elevations, water bodies, or 
windbreaks that adjust the prevailing regional climate (Wolf et al., 2008) as well as influence 
freezing tolerance for grapevines (Stergios and Howell, 1977).  These mesoclimates impose 
unique requirements for grapevine physiology, and cultivars within an appropriate region 
should be able to tolerate the unique set of freezing stresses in order to maintain economic 
and environmental sustainability.   
Although Iowa has a prevailing continental climate, local windbreaks or topography 
can be sources of mesoclimate influence.  Presence or lack of windbreaks, such as forested 
areas, can alter freezing events by promoting low winds that aid radiation freezing, or by 
allowing advective freezing and rapid temperature fluctuation from local air movement 
(Aussenac, 2000; Logan et al., 2000; Zabadal et al., 2007).  Changes in topography can 
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provide sinks for colder air and protect a vineyard from the coldest air during a freezing 
event if the vineyard is sited above the cold air sink (Geiger, 1927). 
Freezing Stress 
Chilling stress signifies temperatures at or above 0 ºC and below 20 ºC, or below the 
optimal temperature for a particular plant (Palva et al., 2002), whereas freezing stress 
signifies temperatures at, or below, 0 ºC (Chinnusamy et al., 2007; Levitt, 1980).  Resistance 
of injuries caused by freezing stress requires tolerance or avoidance of ice formation (Guy, 
1990; Scarth, 1944; Xin and Browse, 2000).  This involves physiological changes in 
membrane structure, location of water, solute concentrations (Olien and Smith, 1977), and 
expression certain proteins, which may provide protection from cellular desiccation (Ho and 
Sachs, 1989; Ingram and Bartles, 1996; Levitt, 1980; Thomashow, 1999). 
Various dynamics, such as species, specific genotype, maturity, environment, and 
previous degree of acclimation can affect the degree of freezing stress that a plant is able to 
tolerate (Bray et al., 2000; Stergios and Howell, 1977).  The severity of freezing stress is 
dictated by environment, where freezing can occur rapidly or gradually, at various 
temperatures, or vary in frequency (Bordelon et al., 1997; Sakai and Larcher, 1987).  
Components such as certain proteins, sugars, osmolytes, or antioxidants that assist cells in 
resistance of freezing injury may, partially, determine the severity of freezing stress a plant 
can tolerate (Ingram and Bartles, 1996; Palva et al., 2002).   
Freezing Injury 
Woody plants growing in temperate climates must employ certain adaptations to 
survive freezing temperatures.  Injuries observed in vascular tissues of woody plants during, 
or after, a freezing winter episode can include frost cracks (vertical wounds) (Guy, 2003), 
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sunscald (freezing injury after transient warming) (Guy, 1990), or shoot girdling.  Severe 
damage caused by freezing can be expensive.  However, injury prevention means, such as 
vine burial, are also costly and labor intensive (Fennell, 2004; Zabadal et al., 2007). 
Some injuries are imposed directly by intracellular ice formation, but many injuries 
result from indirect stress caused by ice formation in extracellular spaces.  This form of 
freezing stress is more typical because water freezes in extracellular spaces first, and gradual 
cooling rates in the field allow water to move to extracellular spaces from intracellular spaces 
(Ashworth, 1992; Guy, 1990; Levitt, 1980; Thomashow, 1999).  Cellular desiccation caused 
by extracellular ice formation can result in cellular collapse (Ashworth, 1992; Close, 1996; 
Guy, 1990; Scarth 1944; Thomashow, 1993).  However, cellular desiccation caused by 
extracellular ice formation more typically causes fatal injury through disruption of cellular 
membrane organization (Levitt, 1980; Palva et al., 2002).  Plasma membranes are the 
primary locations of injuries from freezing and extracellular dehydration (Levitt, 1980; 
Steponkus, 1984).  Dehydration can cause expansion-induced lysis upon thawing, fracture-
jump lesions, or lamellar-to-hexagonal-2 phase transitions that disrupt the lipid bilayer 
(Thomashow, 1999; Steponkus et al., 1984; Webb et al., 1993; Xin and Browse, 2000).  Low 
temperatures can also alter membrane structure (Levitt, 1980; Palva et al., 2002; Xin and 
Browse, 2000; Zhang et al., 2005) and may cause rigidification (Orvar et al., 2000; 
Rajashekar and Lafta, 1996), or result in the accumulation of other molecules that can 
interfere with membrane function (Fowler and Thomashow, 2002; McKersie et al., 1997).  
Plants in temperate climates are usually only exposed to freezing stresses seasonally and 
require a gradual period of exposure to decreasing temperatures to fully acclimate and 
tolerate seasonal freezing stresses (Wake and Fennell, 2000). 
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Cold acclimation 
Plants in temperate climates must develop tolerance to freezing stresses over time in 
order to withstand seasonal temperature minima that occur at a particular location.  Changes 
in tolerance are the result of changes in physiology, such as modifications to lipid-membrane 
composition (Chinnusamy et al., 2007; Steponkus, 1984), hormone levels, gene expression, 
accumulation of certain proteins (Fennell and Hoover, 1991; Fowler and Thomashow, 2002; 
Thomashow, 1999), and various other biochemical components (Guy, 1990; Palva et al., 
2002).  
Cold acclimation, in many temperate, woody plant species, increases freezing 
tolerance in response to a combination of decreases in photoperiod and air temperatures 
during the onset of, or overlapping, the induction of dormancy (Levitt, 1980; Junttila et al., 
2002; Wisniewski and Arora, 2000).  Acclimation in temperate woody species, typically, 
develops in two phases.  In the first phase, shortening photoperiod signals growth cessation, 
periderm formation, and some increase in freezing tolerance (Davis and Evert, 1970; Palva et 
al., 2002; Wolpert and Howell, 1986).  A decline in daily high and low air temperatures are 
observed in the second phase to increase tolerance and achieve maximum freezing tolerance 
(Artlip and Wisniewski, 1997; Stergios and Howell, 1977).   
A decline in daily high and low temperatures during the second phase of acclimation 
may be the only phase required for cold acclimation of many grape cultivars, although, V. 
riparia cultivars may benefit from shortened photoperiod.  An investigation by Schnabel and 
Wample (1987) reported that plants of V. vinifera cv. White Riesling, apparently, did not 
respond to declining photoperiod unless combined with low temperature.   Fennell and 
Hoover (1991) also found that V. vinifera and V. labrusca cold acclimated little to a short-
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day treatment compared with V. riparia.  Additionally, Fennell and Mathiason (2002) found 
that V. riparia began to cold acclimate in response to an abbreviated photoperiod and then to 
low temperature, while ‘Seyval blanc’ only cold acclimated in response to declining 
temperature and not photoperiod.   
Freezing avoidance and freezing tolerance 
Two chief adaptations exist in woody temperate and boreal plants that may be 
employed to mitigate freezing stress.  Buds and xylem ray-parenchyma cells in grapevines 
can avoid freezing by supercooling (Jones et al., 2000; Kuroda et al., 2003; Warmund et al., 
1989).  If temperature decline is very rapid such that water is unable to defuse out of 
intracellular spaces then it may be maintained in a metastable, liquid condition below the 
freezing point (Ashworth, 1992; Guy, 1990; Jones et al., 2000; Scarth, 1944).  The water 
within the cell then comes into disequilibrium with the extracellular ice and a sufficiently low 
temperature or introduction of a nucleating agent can result in lethal, spontaneous 
intracellular ice formation (Kasuga et al., 2008; Malone and Ashworth, 1991).  Supercooling 
is, typically, thought to be the limiting factor for survival of freezing stress because it can be 
overcome between −20 ºC and −40 ºC (Ashworth, 1992; George and Burke, 1977; Quamme 
et al., 1971).  Furthermore, supercooling is not considered typical because natural cooling 
rates are gradual and allow water movement within tissues (Guy, 1990; Scarth, 1944).  Grape 
buds can undergo supercooling, but this avoidance method has not been well documented in 
cane tissues (Fennell, 2004; Jones et al., 2000; Slater et al., 1991). 
Freezing tolerance enables plants to resist freezing injury by accommodation of ice 
formation within extracellular spaces and intracellular dehydration, and can provide 
protection at lower temperatures than supercooling (Guy, 1990; Malone and Ashworth, 1991; 
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Mazur, 1969; Scarth, 1944).  Ice forms in extracellular spaces first because the freezing point 
is higher and nucleating agents are usually present (Guy, 1990; Mazur, 1969; Scarth, 1944).  
As ice forms in extracellular spaces, the vapor pressure decreases, and the decline in water 
potential draws intracellular water into extracellular spaces (Guy, 1990; Levitt, 1980; Mazur, 
1969).  This prevents ice crystal formation and crystallization of intracellular components, 
which is lethal (Ashworth, 1992; Levitt, 1980).  However, as the temperature declines, more 
water is drawn into extracellular spaces, causing intracellular dehydration stress (Guy, 1990; 
Thomashow, 1993).  Certain proteins accumulate in response to this stress that can help 
prevent lethal injury from dehydration (Ho and Sachs, 1989; Ingram and Bartles, 1996; 
Kozlowski and Pallardy, 2002).  Cells can maintain a dehydrated state and tolerate ice in 
extracellular spaces and thereby resist injury with the assistance of these proteins and other 
components (Guy, 1990; Ingram and Bartles, 1996; Levitt, 1980; Xin and Browse, 2000).   
Most grape cultivars grown in temperate climates reach maximum freezing tolerance 
between mid December and mid February (Zabadal et al., 2007).  This maximum is limited 
by genotype, maturity, and can be influenced by environmental conditions and preceding 
temperature exposures (Ahmedullah, 1985; Stergios and Howell, 1977).   
Deacclimation 
After a vernalization requirement is met, tissues can lose freezing tolerance rapidly 
and rehydrate if temperatures are amenable (Kalberer et al., 2005; Kalberer et al., 2007; 
Kozlowski and Pallardy, 2002).  In the Midwest, the temperature can reach well above 0 ºC 
in January or February for multiple days and then decline back well below 0 ºC.  Plants can 
have varying levels of resistance to deacclimation or capacities for reacclimation (Kalberer et 
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al., 2005).  These “winter thaws” can have a devastating impact on plants that deacclimate 
early or rapidly, or cannot sufficiently reacclimate.   
Cold-regulated protein   
Freezing tolerance has been partially attributed to the expression of certain proteins 
that increase in response to freezing stress or are associated with increased freezing tolerance 
(Arora et al., 1997; Artlip and Wisniewski, 1997; Jaglo-Ottosen et al., 1998; Marian et al., 
2003; Nylander et al., 2001; Salzman et al., 1996; Xiao et al., 2008).  Cold-regulated (COR) 
or COR-like proteins respond to low temperature (Jaglo-Ottosen et al., 1998; Thomashow, 
1998; Thomashow, 1999), and may be signaled by modifications to cell walls (Chinnusamy 
et al., 2007) or membranes (Orvar et al., 2000).  These proteins have been reported to be 
widely conserved in higher plants (Campbell and Close, 1997; Durham et al., 1991; Muthalif 
and Rowland, 1994; Palva et al., 2002) and have been demonstrated to accumulate during 
cold acclimation and/or freezing stress in a variety of plant species, such as Rhododendron 
(Marian et al., 2003), Arabidopsis thaliana (Nylander et al., 2001), Solanum spp. (Rorat et 
al., 2006), Vitis labrusca (Salzman et al., 1996), and Prunus persica (Wisniewski et al., 
1999).  However, differential expression of these proteins have been observed between plant 
species, and also between organ and tissue types in the same plant.  Wisniewski et al. (2006) 
found that a protein, dehydrin PCA60, was found in bark but not in leaves of Prunus persica, 
and Xiao and Nassuth (2006) found higher concentrations of a dehydrin transcript in buds 
and seeds of V. riparia and V. vinifera than in leaves.  Various COR proteins may possess 
attributes that protect cells from dehydration damage, such as anti-freeze (Wisniewski et al., 
1999), membrane stabilization (Lin and Thomashow, 1992; Thomashow et al., 2001), and 
anti-coagulation capacities (Hon and Griffith, 1994). 
14 
 
Expression of various proteins can differ depending on other regulating factors 
(Alamillo and Bartles, 1996; Artlip et al., 1997).  Vitis riparia and V. vinifera stem tissues, 
leaves, and buds have at least four transcription factors, C-repeat binding factors (CBF) 1,2,3, 
and 4, that are involved in COR-gene expression (Xiao et al., 2006; Xiao et al., 2008) and 
may increase freezing tolerance (Jaglo-Ottosen et al., 1998).  However, Xiao et al. (2006) 
found that CBF1, 2, and 3 were induced after different durations of low temperature 
exposure, and Xiao et al. (2008) found that CBF4 was expressed for a longer duration in 
mature grape tissues.   
 Dehydrin proteins 
 Dehydrins (dehydration induced) are a family of late-embryosis abundant (LEA D-
11) proteins that belong to one of four groups of COR proteins, and respond to dehydration 
stress (Close, 1996; Thomashow, 1999).  These proteins have received much attention 
because of their capacities to prevent cellular disruptions caused by extracellular ice 
formation (Close, 1996).  Dehydrins are abundant in glycine and are characterized by a lysine 
sequence (EKKGIMDKIKEKLPG) located in the carboxy terminus, and up to 11 other 
places in the polypeptide sequence, referred to as a “K-segment” (Campbell and Close, 1997; 
Close, 1996).  Although, dehydrins are generally regarded as hydrophilic (Close, 1996; Dure, 
1993), the K-segment may allow the formation of a hydrophobic, amphipathic α-helix, and 
some hydrophobic interaction that can prevent protein aggregation (Hartl et al., 1994).  
Tracts of seriene (“S-segment”) or a “Y-segment” near the amino terminus may also be 
present (Close, 1996; Plana et al., 1991).   
 Dehydrins and dehydrin-like proteins have been observed to increase during cold 
acclimation or to be present during freezing stress in many woody plants such as peach 
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(Arora and Wisniewski, 1994; Arora and Wisniewski, 1996), blueberry (Muthalif and 
Rowland, 1994), dogwood (Sarnighausen et al., 2002), and grape buds (Salzman et al., 
1996).  Dehydrin gene expression has also been found in leaf and bud tissues of V. riparia 
and V. vinifera by Xiao and Nassuth (2006).   
 Dehydrins are thought to have the capacity to alleviate dehydration stress in plant 
tissues.  Wisniewiski et al. (1999) observed antifreeze activity of a peach dehydrin, PCA60 
and other studies have suggested cryoprotective capacities for various dehydrins (Bravo et 
al., 2003; Hara et al., 2001; Lin and Thomashow, 1992).  Typically, these proteins are 
thought to have molecular chaperone capacities (Campbell and Close, 1997) and can provide 
stability for proteins and membranes due to hydrophobic associations with cellular structures 
that can prevent coagulation and resist dehydration injury (Artlip et al., 1997; Campbell and 
Close 1997; Ingram and Bartels, 1996).   
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CHAPTER 2.  Bark midwinter freezing tolerance and dehydrin protein expression as 
possible indicators of high freezing tolerance of grapevine cultivars. 
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Abstract 
Although the cold hardiness of primary buds has been examined for grape cultivars 
and is used as a principle factor of grapevine cold hardiness, freezing tolerance capacity in 
the rest of the vine has received relatively little attention.  This investigation characterized 
freezing tolerance and protein expression of ‘Frontenac’ and ‘Seyval blanc’ grape cane 
tissues during the overwintering periods of autumnal cold acclimation, midwinter, and vernal 
deacclimation including dehydrin proteins that may be used to describe cultivar freezing 
tolerance.  Controlled, laboratory freezing tests were conducted with field acclimated or 
deacclimated bark and xylem tissues from grape canes.  SDS-PAGE profiles and 
immunoblots for dehydrins were used to qualitatively and quantitatively assess protein 
expression.  ‘Frontenac’ bark tissues demonstrated a capacity to achieve greater freezing 
tolerance than xylem tissue in late acclimation and midwinter, which may have contributed to 
greater overall freezing tolerance during midwinter.  On the other hand, ‘Seyval blanc’ 
showed a greater capacity for reacclimation after a freezing event during the observed 
1 Primary author 
2 Major advisors 
3 Professor 
4 Graduate students 
29 
 
deacclimation period.  SDS-PAGE profiles showed a 36-kDa protein expressed during the 
lowest air temperatures and when the lowest LT50 values for ‘Frontenac’ tissues were 
observed, both occurring during the midwinter period.  SDS-PAGE profiles showed a 36-
kDa protein expressed during the lowest air temperatures and when the lowest LT50 values 
for ‘Frontenac’ tissues were observed.  Although the 36-kDa protein was not identified as a 
dehydrin, proteins at 43, 41, 39, 19, 12 and 10 kDa were confirmed as dehydrins.  Tissues 
that were observed to have the greatest capacity for midwinter freezing tolerance also 
showed greatest expression of a 39-kDa dehydrin.  The 12 and 10-kDa dehydrins were not 
visible on SDS-PAGE profiles, but were detected by the antidehydrin antibody.  A 12-kDa 
dehydrin  appeared unique to ‘Frontenac’ and a 10-kDa dehydrin was unique to bark profiles.  
The 36-kDa protein and dehydrins at 39, 12, and 10 kDa had greatest association with high 
freezing tolerance in grapevine. 
Introduction 
Increased interest in grape and wine production in northern climates has necessitated 
the development of new cultivars that are adapted to that environment.  Grape and wine 
industries in cold climates rely on interspecific hybrids that have adequate cold hardiness 
under climactic conditions that may not experience moderating effects from geographic or 
topographic features.  Screening for cold hardiness of new cultivars is typically done by 
examination of primary bud survival after exposure to the lowest temperature expected in a 
region (Smiley et al., 2008; Zabadal et al., 2007).  However, freezing tolerance capacity in 
the rest of the vine has received relatively little attention.  Many interspecific cultivars will 
produce a crop on secondary buds if primary buds are injured (Zabadal et al., 2007), and, in 
some instances, secondary buds can be as cold hardy as cane tissues (Slater et al., 1991) that 
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are necessary for secondary crop production.  An understanding of freezing tolerance in cane 
bark and xylem tissues during the winter season is important for assessment of overall 
grapevine cold hardiness. 
Freezing injury typically results from severe dehydration stress caused by the 
formation of extracellular ice within tissues (Ashworth, 1992; Guy, 1990; Levitt, 1980).  
Resultant injuries can be primarily observed as lethal membrane disruptions (Levitt, 1980; 
Steponkus, 1984; Thomashow, 1999).   Tolerance of this dehydration stress is necessary to 
survive freezing and may be increased by the accumulation of various components that can 
mitigate dehydration stress and preserve membranes and other cellular structures (Guy, 1990; 
Ingram and Bartles, 1996; Levitt, 1980; Xin and Browse, 2000).   
Freezing tolerance increases seasonally in many deciduous, woody plants with the 
decline in photoperiod and decrease in temperatures observed in the autumn (Junttila et al., 
2002; Levitt, 1980; Wisniewski and Arora, 2000).  These stimuli can signal the expression of 
certain groups of proteins that may have cryoprotective functions (Campbell and Close, 
1997; Ingram and Bartles, 1996).  Cold-regulated (COR) proteins have been observed in 
many cold-acclimated plants and have been demonstrated to accumulate during cold 
acclimation and/ or freezing stress in a variety of plant genera and species, such as 
Rhododendron (Marian et al., 2003), Arabidopsis thaliana (Nylander et al., 2001), Solanum 
spp. (Rorat et al., 2006), Vitis labrusca (Salzman et al., 1996), and Prunus persica 
(Wisniewski et al., 1999). 
Dehydration induced (DHN) are a family of late-embryosis abundant (LEA) proteins 
that are commonly known as dehydrins.  These proteins belong to one of four groups of COR 
proteins and respond to dehydration stress (Close, 1996; Thomashow, 1999).  Dehydrins are 
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characterized by a lysine sequence (EKKGIMDKIKEKLPG) located in the carboxyl 
terminus (Campbell and Close, 1997), referred to as a “K-segment”.  It is thought that the 
principle function of dehydrins may be to provide stability during dehydration stress for 
proteins and membranes due to hydrophilic associations with cellular structures (Artlip et al., 
1997; Campbell and Close, 1997; Ingram and Bartels, 1996).  Dehydrin genes previously 
have been observed in cold acclimated Vitis vinifera and V. riparia bud and leaf tissues by 
Xiao and Nassuth (2006).  Differences in observed dehydrin gene expression (DHN1a) 
between V. riparia and V. vinifera spp. observed in their study suggested that differential 
protein expression observed among grape species and cultivars may impart differences in 
overall freezing tolerance. 
The overall objective of this investigation was to characterize freezing tolerance 
during autumnal acclimation, midwinter period, and vernal deacclimation of bark and xylem 
cane tissues of ‘Frontenac’ and ‘Seyval blanc’ grapevines.  Specific sub objectives included 
characterizing differences associated with maximum freezing tolerance, acclimation, and 
deacclimation rates between a very hardy and a moderately hardy grape cultivar grown in the 
upper Midwest, as well as characterizing possible biochemical markers that may be used to 
identify cultivar sensitivities at different periods during the winter season and their 
corresponding suitability for certain site conditions.   
Materials and Methods 
Plant materials   
One-year-old dormant plants of ‘Seyval blanc’ and ‘Frontenac’ grapevines were 
established in a vineyard at the Iowa State University Horticulture Research Station (HRS) 
near Gilbert, IA (lat. 42º 06’ 41” N, long. 93° 35’ 19” W), in Spring 2002.  The 0.69-ha 
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vineyard that was used for research was primarily composed of Clarion loam soil (mixed, 
superactive, mesic typic hapludolls) on 0 to 9% slopes (NRCS, 2009).  A windbreak was 
located to the west of the vineyard, and an adjacent vineyard was located immediately to the 
east. An open expanse of land was located to the north of the vineyard and a trellised apple 
orchard on dwarfing rootstocks was located to the south.  Rows were established in a north–
south orientation.  Vines were spaced 2.6 × 3.3 m apart and trained to a bilateral high cordon 
system that accommodated the procumbent growth of ‘Frontenac’ plants and a midwire 
cordon system with catch wires to accommodate upright growth of ‘Seyval blanc’ plants.  
Cultivars were randomly arranged as one panel of three vines in each of 15 rows.   
Diseases and insects were managed by integrated pest management (IPM) practices in 
2008–09 (Bordelon et al., 2008).  In addition to recommended herbicides, ≈ 10 cm of straw 
mulch was applied to the soil under trellis rows in Spring 2008 to assist weed control.  Bird 
netting was applied at verasion to prevent berry feeding and was removed after harvest.   
In the dormant season before sampling occurred average pruning weights for 
‘Frontenac’ and ‘Seyval blanc’ in Apr. 2008 were 1.29 ± 0.11 and 0.57 ± 0.10 kg, 
respectively.  ‘Frontenac’ vines were individually balanced using a 25 + 10 bud adjustment, 
and ‘Seyval blanc’ vines were individually balanced using a 20 + 10 bud adjustment 
followed by individual adjustment to compensate for 75% primary bud injury, in the dormant 
season before sampling.  ‘Frontenac’ was harvested on 29 Sept. 2008 and ‘Seyval blanc’ was 
harvested on 9 Sept. 2008.   
Sampling 
Ten to 12 canes per cultivar were harvested from 10 vines that were randomly 
selected at each of 15 sampling dates between 20 Aug. 2008 and 22 Apr. 2009.   Sampling 
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dates were determined based on the change between daily high and low air temperatures.  
Temperature declines (> 5 °C) or increases (> 5 °C) during deacclimation, which may cause 
changes in freezing tolerance, determined sampling date.  Samples were 30-cm basal sections 
of canes from the 2008 growing season that averaged 0.76 ± 0.3 cm in diameter.  Samples 
were collected between 8:00 and 9:00 AM on the day of sampling, transported to the 
laboratory, and held in the laboratory at the same field air temperature ± 2 °C as occurred in 
the vineyard to prevent deacclimation.  High and low air temperatures were recorded for each 
day from the weather monitoring station at HRS.  Percentage of periderm development of 
cane length of excised canes was determined.  Berry variables, berry weight, soluble solids, 
pH, and titratable acidity were measured for fruit of canes that were excised at each sampling 
date by methods described by Amerine and Ough (1974) at three sampling dates before 
harvest, respectively.  
Freezing procedures   
Canes were divided into internodal segments that were 2.5 cm in length.  Segments 
were individually placed in a 75-mL test tubes containing 1.8 mL deionized water and then 
capped.  Each segment was cooled until it reached a predetermined minimum temperature, 
such that each segment was exposed to a different temperature observation between −1 and 
−60 °C in an Isotemp 3028 refrigerated glycol bath (Fisher Scientific, Pittsburgh, PA) or 
Scientemp programmable chest-freezer (Scientemp, Adrian, MI).  Use of either the bath or 
the freezer depended on the minimum temperature necessary to confer 100% tissue mortality.  
Four replications for each temperature observation were tested simultaneously in the same 
chamber freezer (Kalberer et al., 2007; Lim et al., 1998).  The number of segments used per 
cultivar varied and depended on the temperature range for each test.  Test tubes with 
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segments were held at an initial temperature for 4 h.  The initial temperature was set 3 °C 
above the lowest temperature that conferred 0% tissue mortality at the previous freezing 
experiment.  One ice crystal was added to each tube after 2 h to ensure ice nucleation of cane 
tissues.  Copper-constantan thermocouples were held at the base of cane tissues to monitor 
ice nucleation.  Control samples were held at 4 ºC for the duration of the test.  Temperatures 
were lowered 1 ºC h-1 for the first 6 h, 2 ºC h-1  for the next 2 h, 3 ºC h-1  for the following 4 
h, and 4 ºC h-1  for the remainder of the test, such that the cooling rate was increased as 
samples became more acclimated during the test.  Replicates for one temperature observation 
were removed each hour for the first 6 h, every 30 min. for the next 2 h, and each hour 
thereafter.  Tissues were exposed to each temperature increment for no shorter than 30 min.  
The minimum temperature observation for each test was based on the highest temperature 
that conferred 100% tissue mortality at the previous freezing test and field temperatures at 
the time of sampling.  Test tubes were removed after exposure to their assigned temperature 
observation and placed on ice to thaw overnight.  Tubes were then held at 4 ºC for 2 h, 
covered with aluminum foil, and allowed to completely thaw at 22 ± 2 °C for 3 d. 
Freezing tests were continued in a Scientemp programmable chest-freezer 
(Scientemp, Adrian, MI) between Nov. 2008 and Apr. 2009, when a temperature to confer 
100% tissue mortality could no longer be achieved in the glycol bath.  Preparation of plant 
material was similar as described previously, except sealable polyethylene bags (7.5 × 12.5 
cm) and tissues wetted with deionized water were used in the freezer in place of test tubes 
with deionized water.  Cane segments were individually wrapped in wetted tissues that 
contacted vascular tissues to promote individual ice nucleation in place of ice crystals.  
Replications were placed in one bag per temperature observation (Kalberer et al., 2007). 
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Injury Evaluation   
Cane segments were sectioned transversally and longitudinally to evaluate injury of 
bark and xylem tissues.  Bark was defined as all tissues outside of and including the vascular 
cambium.  Tissues were examined, individually, for percentage of tissue browning on a five-
point scale with increments at 0, 25, 50, 75, and 100% injury with the use of a dissecting 
microscope (Ashworth et al., 1983; Lim et al., 1998; Warmund et al., 1986).   
Injury percentages at each temperature observation were averaged over four 
replications.  The resultant averages were fit with a sigmoidal Gompertz function (Lim et al., 
1998) using R 2.9.2 (R Development Core Team, 2009).  The lethal freezing temperature for 
bark and xylem tissues for both cultivars at each sampling date was ascertained from the 
corresponding Gompertz function.  This value was referred to as an LT50 value.  Differences 
in LT50 values were evaluated between tissue types and cultivars at the same sampling date 
and between sampling dates by overlapping confidence intervals (α ≤ 0.05) adjusted using 
Bonferroni’s correction for multiple comparisons (R Development Core Team, 2009). 
Protein extraction and separation 
Plant materials were taken at random from the same pool of cane segments that were 
used for freezing tests and prepared for storage immediately following preparation of 
materials for freezing tests.  At 4 ºC bark and xylem tissue samples were separated with a 
razor blade, stored at −80 ºC immediately after separation, and ground with in liquid nitrogen 
as needed.  Total soluble proteins were extracted from ground tissues by a sodium borate 
extraction method developed by Wetzel et al. (1989) and modified by Arora et al. (1992).  
Estimation of protein concentrations in each sample were determined by a colorimetric assay 
developed by Esen (1979).   
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Discontinuous sodium dodectyl sulfide-polyacrylamide gel electrophoresis (SDS-
PAGE) was employed to separate extracted proteins.  Samples were prepared by the method 
of Arora et al. (1992) and run on a 4% stacking gel and 12.5% resolving gel.  10 µg of 
protein were loaded for bark profiles and 6 µg of protein were loaded for xylem profiles.  
The gels were stained with Coomassie Brilliant Blue G-250 (Sigma, St. Louis, MO) in 
methanol and destained in 25% methanol.   
Dehydrin immunoblotting 
 Dehydrin proteins and molecular weight markers were transferred to a 0.45 μm 
nitrocellulose membrane from SDS-PAGE gels with 2.5 or 2.0 µg of protein loaded into each 
well for bark and xylem immunoblots, respectively, according to a method used by Arora and 
Wisniewski (1994).  Membranes were then probed with a 1:1500 dilution of the primary 
dehydrin antibody (AbCam, Cambridge, MA) and immunoreactive bands were detected 
using an anti-rabbit alkaline phosphatase conjugate with a BCIP/NBT color development kit 
(Promega, Madison, WI).  Dehydrin protein detection was confirmed by comparison to 
parallel blots of preimmune serum for the primary antibody (AbCam, Cambridge, MA).   
Protein analysis 
 Image J software from the public domain NIH Image program was used to measure 
molecular weight and optical density (OD) of protein bands from 3 replicate SDS-PAGE 
profiles.  Protein weights were determined in reference to the distance traveled by molecular 
weight standards (BioRad, Hercules, CA).  Bovine serum albumin was used to prepare five 
standards of known densities that were separated, according to the same method used for 
SDS-PAGE, and fitted to a linear function that was used to calibrate the Image J software.  
The area of selected bands and the mean gray value of pixels were then measured within a 
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selection to determine OD for each band (National Institutes of Health, Bethesda, MD, 
USA).   
Results 
Air temperatures 
Daily high and low temperatures were recorded for HRS, and are reported in Fig. 1 
(Herzman, 2009).  Daily low Air temperature fell below 0 °C on 21 Oct. 2008, but both daily 
high and low temperatures did not fall below 0 °C until 7 Nov. 2008.  The lowest 
temperature was observed on 16 Jan. 2009 at −31.5 °C.  Daily high temperatures were 
frequently observed above 10 °C in March 2009, and temperatures began to decline on 7 
Apr. and again fell below 0 °C on 9 Apr. 2009.  
Grapevine variables 
 Berry variables measured from excised canes at sampling periods between 20 Aug. 
and 30 Sept. 2008 are shown in Appendix Table 1 and include average berry weight and 
soluble solids, pH, and total acidity of the juice.  Percentage of periderm length is shown in 
Fig. 2.  Periderm on ‘Seyval blanc’ canes appeared to develop ≈ 2 × greater percentage of 
length than the more cold hardy ‘Frontenac’ by 28 Oct. 2008. 
Freezing tolerance 
 Freezing tolerance was measured for bark and xylem cane tissues from ‘Frontenac’ 
and ‘Seyval blanc’ plants that were sampled from 20 Aug. 2008 through 22 Apr. 2009 based 
on changes in air temperature.  LT50 values for bark and xylem tissues for both cultivars at 
each sample date are shown in Fig. 2A–D and Appendix Table 2.  
A gradual increase in freezing tolerance was observed for both cultivars during early 
acclimation.  During acclimation, bark freezing tolerance was less than that of xylem tissues 
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and freezing tolerance was similar between the two cultivars until 28 Oct. 2009.  ‘Frontenac’ 
began to exhibit greater freezing tolerance than ‘Seyval blanc’ by 11 Nov., with 12.1 and 2.2 
°C greater freezing tolerances of bark and xylem tissues, respectively.   
 As freezing tolerance increased in both cultivars, differences between tissue types 
became apparent and greater freezing tolerance of bark tissues was observed for ‘Frontenac’ 
canes during late acclimation and midwinter periods.  ‘Frontenac’ bark was 5.4 °C more 
freezing tolerant than xylem tissue by 5 Dec. 2008, and maintained this status until 18 Feb. 
2009.  Moreover, as acclimation progressed, between 28 Oct. and 23 Dec. 2008, the decline 
in LT50 value of ‘Frontenac’ bark was 0.19 °C d-1 greater than observed in xylem. 
LT50 values for ‘Frontenac’ bark tissues were observed to be as much as 7.8 °C lower 
than LT50 values for xylem tissues at their point of greatest difference at 23 Dec. 2008 (Fig. 
3A and B).  Bark tissues, generally, were not observed to surpass the freezing tolerance of 
xylem tissues in ‘Seyval blanc’ canes.  LT50 values of ‘Seyval blanc’ bark tissues were not 
maintained at lower values than xylem tissues, as observed in ‘Frontenac’ bark tissues, but 
were 3.5 and 1.2 °C lower than for xylem tissues at 15 Dec. 2008 and 5 Jan. 2009, 
respectively (Fig. 3C and D).   
 Maximum freezing tolerance was observed for both cultivars during the midwinter 
period.  Maximum freezing tolerance for ‘Frontenac’ bark and xylem tissues was observed 
by 5 Jan. 2009 at ≈ −49 °C.  Bark and xylem tissues of ‘Seyval blanc’ reached their 
maximum freezing tolerance of ≈ −34 °C between 23 Dec. 2008 and 5 Jan. 2009.  Bark and 
xylem LT50 values for ‘Frontenac’ were not different at maximum freezing tolerance and 
were 15.0 and 16.7 °C lower than for ‘Seyval blanc’ bark and xylem, respectively, at the 
same date.   
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Early deacclimation followed by reacclimation was observed for both cultivars 
between the periods of late midwinter and deacclimation.  Although February was considered 
part of midwinter, deacclimation was observed on 18 Feb. relative to the 15 Jan. 2009 
sample, and continued through 23 Mar. 2009.  During this period, ‘Seyval blanc’ bark and 
xylem LT50 values increased 9.0 and 2.0% more than ‘Frontenac’ bark and xylem, 
respectively (Fig. 3).  By 9 Apr. 2009 the daily low temperature fell below 0 °C (Fig. 1) and 
a capacity to reacclimate was observed in both cultivars.  ‘Seyval blanc’ bark and xylem LT50 
values decreased 3.1 and 1.9 °C more than ‘Frontenac’ bark and xylem, respectively (Fig. 3).   
Protein expression in SDS-PAGE profiles 
Profiles of SDS-PAGE gels for ‘Frontenac’ bark and xylem tissues are shown in Fig. 
4A and B and in Fig. 5A and B for ‘Seyval blanc’ bark and xylem tissues.  Several common 
bands were apparent between Aug. 2008 and Jan. or Feb. 2009 before diminishing toward 9 
Apr. 2009.  Many of these bands were either not apparent or very faint during early 
acclimation periods between 20 Aug. and 28 Oct. 2008.  Other bands were also observed to 
diminish after 20 Aug. 2008, most notably including proteins at 30 and 24 kDa (Fig. 5A). 
‘Seyval blanc’ bark SDS-PAGE profiles lacked 39, 36, and 21-kDa bands compared 
with profiles for ‘Frontenac’ bark (Fig. 4A and 5A).  A 36-kDa band was unique to 
‘Frontenac’ bark and xylem tissues, although it primarily occurred in bark tissues, as shown 
in Fig. 4A.  The 36-kDa band was only observed between Nov. 2008 and Mar. 2009, 
increased until 15 Jan., and had reduced by 18 Feb. 2009.    
SDS-PAGE profiles for both cultivars showed similar bands that were expressed 
seasonally, with the exception that the 36-kDa band did not appear in ‘Seyval blanc’ xylem 
profiles.  Another difference in expression was observed in a 49-kDa band apparent in both 
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xylem profiles, but was apparent ≈ 8 weeks later and began to diminish ≈ 12 weeks earlier in 
‘Seyval blanc’ compared with ‘Frontenac’ (Fig. 4B and 5B).  A 39-kDa band was primarily 
observed in different tissue types (Fig. 4A and 5B).  Expression of this band was primarily 
observed in ‘Frontenac’ bark and ‘Seyval blanc’ xylem by 11 Nov. 2008, but persisted in 
‘Frontenac’ bark profiles for ≈ 4 more weeks.   
OD of protein bands at each month are shown in Fig. 6A–E.  The 36-kDa band 
reached maximum OD by 15 Jan. at 17,007.4.  The 39-kDa band appeared at relatively low 
OD in both cultivars (Fig. 6A), and reached maximum OD at 1616.0 and 2426.6 in 
‘Frontenac’ bark and ‘Seyval blanc’ xylem, respectively.  Both the 43 and 41-kDa bands 
showed similar, maximum OD in xylem profiles. Expression was diminished toward April in 
‘Seyval blanc’ profiles, and expression appeared to increase between 23 Mar. and 9 Apr. 
2009 in ‘Frontenac’ xylem profiles (Fig. 6C and E).   
 
Dehydrin immunoblots 
Antidehydrin immunoblots are shown for each corresponding SDS-PAGE profile in 
Fig. 7A–D.  The anti-dehydrin antibody detected 43, 41, 39, 23, and 21, 19, 12, and 10-kDa 
bands in ‘Frontenac’ bark (Fig. 7A) and 43, 41, 23, and 10-kDa bands in ‘Seyval blanc’ bark 
(Fig. 7B) profiles.  Only the 43, 41, and 39-kDa bands were detected in ‘Seyval blanc’ xylem 
profiles (Fig. 7D), and only the 10-kDa band was not detected in ‘Frontenac’ xylem profiles 
(Fig. 7C).  The 39-kDa band was also detected in ‘Frontenac’ xylem immunoblots, but was 
not apparent in SDS-PAGE profiles (Fig. 4B and 7C).  Additionally, parallel blots with 
preimmune serum also detected the 23 and 21-kDa bands, where present, in all profiles (data 
not shown), which negated these bands as dehydrins.  Although not detected in SDS-PAGE 
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profiles, other bands detected in immunoblots at 12 and 10 kDa (Fig. 7A–C) were not visible 
in parallel immunoblots with preimmune serum, and 10, 12, 19, 39, 41, and 43-kDa proteins 
were confirmed as dehydrins.   
Discussion 
The Iowa grape and wine industry has grown in the past several years using cold-
hardy interspecific grape cultivars (White, 2009).  While primary buds have been used to 
assign cold-hardiness ratings for these cultivars, other tissues are critical for crop production 
from secondary buds, but have not undergone the same amount of assessment.  Little is 
known about the freezing tolerance of overwintering canes at different periods during the 
winter season.  This study has addressed differences in freezing tolerance of bark and xylem 
tissues within and between a very cold-hardy cultivar, Frontenac, and a moderately hardy 
cultivar, Seyval blanc, during autumnal cold acclimation, midwinter period, and vernal 
deacclimation.  
Freezing tolerance 
Autumnal cold acclimation for both cultivars was observed between 20 Aug. 2008 
and 5 Jan. 2009, midwinter period was observed between 15 Jan. 2009 and 18 Feb. 2009, and 
vernal deacclimation was observed between 23 Mar. 2009 and 22 Apr. 2009.  Similar 
freezing tolerance during the first months of the acclimation period between ‘Frontenac’ and 
‘Seyval blanc’ was unexpected since ‘Frontenac’ has greater cold hardiness than ‘Seyval 
blanc’.  Other studies have suggested that V. riparia, which is a parent specie of ‘Frontenac’, 
begins to cold acclimate with decreasing photoperiod.  In contrast, other grape species and 
cultivars that do not include traits from V. riparia, such as Seyval blanc, may not acclimate in 
response to decreasing photoperiod (Fennell and Hoover, 1991; Fennell and Mathiason 2002; 
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Schnabel and Wample, 1987).  However, neither cultivar cold acclimated to a greater extent 
under shortened photoperiod, but both cultivars had enhanced freezing tolerance at similar 
rates during the first period of acclimation.  After 11 Nov. 2008, ‘Frontenac’ clearly 
demonstrated superior freezing tolerance over ‘Seyval blanc’.  An increased acclimation rate 
of cane tissues from both cultivars after 11 Nov. agreed with results from previous studies of 
V. riparia, and ‘Seyval blanc’ grapevine tissues (Fennell and Mathiason, 2002).   
The capacity for grapevine bark tissue to become more freezing tolerant than xylem 
tissue has not been well documented.  Xylem tissues are typically observed to be less 
sensitive to freezing injury than bark tissues in grapevines (Slater et al., 1991).  However, the 
increase in freezing tolerance of grapevine bark over xylem was similar to a study by Arora 
et al. (1992) for peach.  Xylem from deciduous peach (Prunus persica [(L.) Batsch]) was 
initially more freezing tolerant than bark tissues, but then developed greater freezing 
tolerance than xylem.  Other studies have also shown that bark tissues in woody plants can 
become more freezing tolerant than xylem tissues in sour cherry (Prunus cerasus) (Mathers, 
2004) and other woody tree spp. (Ashworth and Wisniewski, 1991; Malone and Ashworth, 
1991).  An increase in bark freezing tolerance over that of xylem in canes may assist the 
overall cold hardiness of ‘Frontenac’ as bark tissue freezing tolerance would not be a limiting 
factor for winter survival during the midwinter period.  Although ‘Seyval blanc’ bark tissues 
demonstrated a capacity to gain as much freezing tolerance as xylem tissues, greater bark 
freezing tolerance was not maintained from late acclimation through midwinter compared 
with ‘Frontenac’.   
 ‘Frontenac’ was more resistant to deacclimation than ‘Seyval blanc’, however 
‘Seyval blanc’ demonstrated a greater capacity for reacclimation.  Reacclimation capacity is 
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especially important for grapevines growing in climates that may observe freezing after a 
considerable amount of deacclimation has occurred.  Although ‘Seyval blanc’ may be less 
tolerant of low temperatures compared with ‘Frontenac’, the increased reacclimation capacity 
in ‘Seyval blanc’ that was observed after a return to freezing temperatures at 9 Apr. 2009 
may lend to suitability to sites prone to large temperature fluctuation or late freezing events 
in the spring if minimum low winter temperature thresholds are not exceeded. 
SDS-PAGE profiles and immunoblots 
Seasonal expression of a 36-kDa protein in profiles of ‘Frontenac’ bark during the 
lowest temperature exposures in the vineyard suggests that it may be a good candidate as a 
marker for grapevine freezing tolerance.  The 36-kDa protein was primarily observed in 
‘Frontenac’ bark tissues between Nov. 2008 and Mar. 2009 (Fig. 4A) and corresponded with 
lower LT50 values for bark tissues observed between 5 Dec. 2008 and 18 Feb 2009 (Fig. 3A).  
Although the protein was not identified as a dehydrin by the antidehydrin antibody, it is 
possible that the protein may have some association with increased freezing tolerance. 
A 39-kDa dehydrin was primarily observed in the tissue with greater maximum 
freezing tolerance for each cultivar (Fig. 7).  The 39-kDa dehydrin was also observed in 
‘Frontenac’ xylem but expression was too low to discern from the background of the profile.  
Bark tissues in Frontenac canes were most freezing tolerant during the midwinter period and 
xylem tissues in ‘Seyval blanc’ canes had slightly greater freezing tolerance than bark 
tissues, and the 39-kDa protein was observed in both profiles.  ‘Seyval blanc’ bark tissues 
were the least freezing tolerant and also the only profile in which the 39-kDa protein was not 
detected.  Although OD for the 39-kDa dehydrin was relatively low compared with other 
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proteins apparent in SDS-PAGE profiles (Fig. 6), it may be associated with potential for 
maximum freezing tolerance.   
Expression of dehydrins at 12 and 10 kDa were also associated with high freezing 
tolerance.  The 12-kDa dehydrin appears to be unique to ‘Frontenac’ cane tissues, while the 
10-kDa dehydrin may aid freezing tolerance of bark tissues during midwinter.  While 
‘Frontenac’ was observed to have greater overall freezing tolerance, bark tissues in both 
cultivars gained freezing tolerance at a greater rate than xylem tissues between 28 Oct. and 
23 Dec. 2008. 
Later expression of 43 and 41-kDa dehydrins in ‘Seyval blanc’ bark and xylem 
tissues, respectively, compared to ‘Frontenac’ bark tissues agrees with results from Xiao and 
Nassuth (2006) who observed that a dehydrin gene, DHN1a, was expressed earlier in cold-
acclimating V. riparia tissues than in V. vinifera tissues.  Although differences in date of 
protein expression between ‘Frontenac’ and ‘Seyval blanc’ cane tissues did not seem to 
coincide with similar freezing tolerances observed during early acclimation, differences in 
acclimation capacity may have been observed if a more severe freezing event or freezing had 
occurred before 16 Oct. 2008. 
The increase in OD by 9 Apr. 2009 of a 43-kDa dehydrin in ‘Frontenac’ xylem 
profiles (Fig. 6E), coincides with observed reacclimation by 9 Apr. 2009.  However, it is 
more likely that other factors contributed to reacclimation as OD of the 43-kDa protein in 
‘Seyval blanc’ xylem profiles and OD of other proteins were in decline by that date.  
Presence of the 43 and 41-kDa dehydrins may have a role in freezing tolerance, but may not 
be as useful for indication of adequate freezing tolerance in northern regions.   
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Dehydrins at 39, 12, and 10 kDa seem to have greatest connection with high freezing 
tolerance and their identities and influence on grapevine freezing tolerance in these and other 
cultivars could provide valuable information.  The freezing tolerance capacity of bark tissues 
compared to that of xylem tissues may also provide an indication of cultivar performance 
during midwinter periods.  Future research also should be directed to discover what 
components may confer a greater capacity for reacclimation within grapevine, as spring 
freezes often occur in northern, Midwest climates.  The identity and possible association of 
the 36-kDa protein observed in ‘Frontenac’ bark tissue would also be beneficial to elucidate, 
as it may have a relationship with the highly beneficial increase in bark freezing tolerance 
during midwinter.   
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Fig. 2.  Percentage of periderm development of the length of canes excised between 20 Aug. 
and 11 Nov. 2008.  Bars represent ± SE of 12 canes. 
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CHAPTER 3.  GENERAL DISCCUSSION 
 
The Iowa grape and wine industry has grown in the past several years using cold-
hardy interspecific grape cultivars (White, 2009).  While primary buds have been used to 
assign cold-hardiness ratings for these cultivars, other tissues are critical for crop production 
from secondary buds, but have not undergone the same amount of assessment.  Little is 
known about the freezing tolerance of overwintering canes at different periods during the 
winter season.  This study has addressed differences in freezing tolerance of bark and xylem 
tissues within and between a very cold-hardy cultivar, Frontenac, and a moderately hardy 
cultivar, Seyval blanc, during autumnal cold acclimation, midwinter period, and vernal 
deacclimation.  
Freezing tolerance 
Autumnal cold acclimation for both cultivars was observed between 20 Aug. 2008 
and 5 Jan. 2009, midwinter period was observed between 15 Jan. 2009 and 18 Feb. 2009, and 
vernal deacclimation was observed between 23 Mar. 2009 and 22 Apr. 2009.  Similar 
freezing tolerance during the first months of the acclimation period between ‘Frontenac’ and 
‘Seyval blanc’ was unexpected since ‘Frontenac’ has greater cold hardiness than ‘Seyval 
blanc’.  Other studies have suggested that V. riparia, which is a parent specie of ‘Frontenac’, 
begins to cold acclimate with decreasing photoperiod.  In contrast, other grape species and 
cultivars that do not include traits from V. riparia, such as Seyval blanc, may not acclimate in 
response to decreasing photoperiod (Fennell and Hoover, 1991; Fennell and Mathiason 2002; 
Schnabel and Wample, 1987).  However, neither cultivar cold acclimated to a greater extent 
under shortened photoperiod, but both cultivars had enhanced freezing tolerance at similar 
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rates during the first period of acclimation.  After 11 Nov. 2008, ‘Frontenac’ clearly 
demonstrated superior freezing tolerance over ‘Seyval blanc’.  An increased acclimation rate 
of cane tissues from both cultivars after 11 Nov. agreed with results from previous studies of 
V. riparia, and ‘Seyval blanc’ grapevine tissues (Fennell and Mathiason, 2002).   
The capacity for grapevine bark tissue to become more freezing tolerant than xylem 
tissue has not been documented (Zabadal et al., 2007).  Xylem tissues are typically observed 
to be less sensitive to freezing injury than bark tissues in grapevines (Slater et al., 1991).  
However, the increase in freezing tolerance of grapevine bark over xylem was similar to  
results from peach (Arora et al. 1992).  Xylem from deciduous peach (Prunus persica [(L.) 
Batsch]) was initially more freezing tolerant than bark tissues, but then developed greater 
freezing tolerance than xylem.  Other studies have also shown that bark tissues in woody 
plants can become more freezing tolerant than xylem more freezing tolerant than xylem 
tissues in sour cherry (Prunus cerasus) (Mathers, 2004) and other woody tree spp. (Ashworth 
and Wisniewski, 1991; Malone and Ashworth, 1991).  An increase in bark freezing tolerance 
over that of xylem in canes may assist the overall cold hardiness of ‘Frontenac’ as bark tissue 
freezing tolerance would not be a limiting factor for winter survival during the midwinter 
period.  Although ‘Seyval blanc’ bark tissues demonstrated a capacity to gain as much 
freezing tolerance as xylem tissues, greater bark freezing tolerance was not maintained from 
late acclimation through midwinter compared with ‘Frontenac’.   
 ‘Frontenac’ was more resistant to deacclimation than ‘Seyval blanc’, however 
‘Seyval blanc’ demonstrated a greater capacity for reacclimation.  Reacclimation capacity is 
especially important for grapevines growing in climates that may observe freezing after a 
considerable amount of deacclimation has occurred.  Although ‘Seyval blanc’ may be less 
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tolerant of low temperatures compared with ‘Frontenac’, the increased reacclimation capacity 
in ‘Seyval blanc’ that was observed after a return to freezing temperatures at 9 Apr. 2009 
may lend to suitability to sites prone to large temperature fluctuation or late freezing events 
in the spring if minimum low winter temperature thresholds are not exceeded. 
SDS-PAGE profiles and immunoblots 
Although the 36-kDa protein was not identified as a dehydrin by the antidehydrin 
antibody, it is possible that the protein may have some association with increased freezing 
tolerance. Seasonal expression in profiles of ‘Frontenac’ bark during the lowest temperature 
exposures in the vineyard suggests that it may be a good candidate as a marker for freezing 
tolerance.  The 36-kDa protein was primarily observed in ‘Frontenac’ bark tissues between 
Nov. 2008 and Mar. 2009 (Fig. 3A) and corresponded with lower LT50 values for bark tissues 
observed between 5 Dec. 2008 and 18 Feb 2009 (Fig. 2A).  A 39-kDa dehydrin was 
primarily observed in the tissue with greater maximum freezing tolerance for each cultivar 
(Fig. 7).  Although OD for the 39-kDa dehydrin was relatively low compared with other 
proteins apparent in SDS-PAGE profiles (Fig. 6), it may be associated with potential for 
maximum freezing tolerance.  This dehydrin was visible in SDS-PAGE profiles for tissues 
that observed the greatest maximum freezing tolerance for a cultivar.   
Expression of dehydrins at 12 and 10 kDa also seem to be associated with high 
freezing tolerance.  The 12-kDa dehydrin appears to be unique to ‘Frontenac’ cane tissues, 
while the 10-kDa dehydrin may aid freezing tolerance of bark tissues during midwinter.  
While ‘Frontenac’ was observed to have greater overall freezing tolerance, bark tissues in 
both cultivars gained freezing tolerance at a greater rate than xylem tissues between 28 Oct. 
and 23 Dec. 2008. 
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Later expression of 43 and 41-kDa dehydrins in ‘Seyval blanc’ bark and xylem 
tissues, respectively, compared to ‘Frontenac’ bark tissues agrees with results from Xiao and 
Nassuth (2006) who observed that a dehydrin gene, DHN1a, was expressed earlier in cold-
acclimating V. riparia tissues than in V. vinifera tissues.  Although differences in date of 
protein expression between ‘Frontenac’ and ‘Seyval blanc’ cane tissues did not seem to 
coincide with similar freezing tolerances during early acclimation, differences in acclimation 
capacity may have been observed if a more severe freezing event or freezing had occurred 
before 16 Oct. 2008. 
The increased in OD at 9 Apr. 2009 of a 43-kDa dehydrin in ‘Frontenac’ xylem 
profiles (Fig. 6E), coincides with observed reacclimation at 9 Apr. 2009.  However, it is more 
likely that other factors contributed to reacclimation as OD of the 43-kDa protein in ‘Seyval 
blanc’ xylem profiles and OD of other proteins were in decline at that date.  Other molecules, 
such as certain sugars, may also contribute to freezing tolerance (Ingram and Bartles, 1996) 
and the observed reacclimation capacities in ‘Frontenac’ and ‘Seyval blanc’ cane tissues may 
be more closely associated with the presence of other solutes.  Differences in dormancy 
requirements may also have contributed to deacclimation rates and reacclimation capacities.  
Fennell and Mathiason (2002) observed differences in dormancy induction between V. 
riparia and ‘Seyval blanc’, and it is possible that differences in exit from dormancy exist 
between these two cultivars as well. Presence of the 43 and 41-kDa dehydrins may have a 
role in freezing tolerance, but may not be as useful for indication of adequate freezing 
tolerance in northern regions.     
Dehydrins at 39, 12, and 10 kDa seem to have greatest connection with high freezing 
tolerance and their identities and influence on grapevine freezing tolerance in these and other 
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cultivars could provide valuable information.  The freezing tolerance capacity of bark tissues 
compared to that of xylem tissues may also provide an indication of cultivar performance 
during midwinter periods.  Future research also should be directed to discover what 
components may confer a greater capacity for reacclimation within grapevine, as spring 
freezes often occur in northern, Midwest climates.  The identity and possible association of 
the 36-kDa protein observed in ‘Frontenac’ bark tissue would also be beneficial to elucidate, 
as it may have a relationship with the highly beneficial increase in bark freezing tolerance 
during midwinter.   
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ADDITIONAL TABLES AND FIGURES FROM CHAPTER 2 
Appendix Table 1.  Grape berry variablesz at sampling dates from excised canes. 
   Soluble  Total 
 Date Berry wt. solids  acidity 
Cultivar (2008) (g) (°brix) pH (g/L) 
Frontenac 20-Aug 1.10ay 13.64a 3.27a 20.08 
Seyval blanc 20-Aug 1.90b 13.64a 3.23a 17.80 
Frontenac 9-Sept 1.16a 19.53b 3.01 14.28 
Seyval blanc 9-Sept 2.05b 20.62b 3.24a 7.78 
Frontenac 30-Sept 1.97a 23.75 3.21a 11.62 
LSDy  0.24 1.38 0.08 1.86 
z Methods described by Amerine, M.A. and C.S. Ough. 1974. Wine and must 
analysis. Wiley Interscience. New York, N.Y.  
y Least significant difference at P ≤ 0.05.  Means followed by the same letter in a 
column are not different. 
 
 
   
 
 
65 
 
ADDITIONAL TABLES AND FIGURES FROM CHAPTER 2 
Appendix Table 2.  Freezing tolerance (LT50) of grapevine bark and xylem cane 
tissues from ‘Frontenac’ and ‘Seyval blanc’ between 20 Aug. 2008 and 22 Apr. 
2009. 
LT50 (°C) 
 Frontenac Seyval blanc 
Date Bark Xylem Bark Xylem 
20-Aug −3.10 ± 0.6 ay −8.60 ± 1.8 a −3.30 ± 0.7 b −7.80 ± 1.5 b 
9-Sep −4.30 ± 0.9 a −11.8 ± 1.9 ac −3.30 ± 0.8 b −10.0 ± 1.9 bc 
30-Sep −8.50 ± 1.8 a −15.3 ± 2.1 ac −8.40 ± 1.8 b −14.3 ± 2.1 bc 
16-Oct −11.3 ± 2.4 a −20.0 ± 1.8 a −10.5 ± 2.3 b −20.0 ± 2.0 b 
28-Oct −15.1 ± 2.9 a −20.0 ± 2.4 b −15.1 ± 3.0 a −20.0 ± 0.7 b 
11-Nov −25.8 ± 4.9 ac −35.6 ± 5.3 ad −13.7 ± 2.1 bc −33.4 ± 4.7 bd 
5-Dec −45.1 ± 6.2 ac −39.7 ± 5.7 ad −30.6 ± 4.1 bc −32.8 ± 4.8 bd 
15-Dec −36.4 ± 5.5 ac −34.4 ± 4.8 ad −26.6 ± 4.1 bc −23.1 ± 3.9 bd 
23-Dec −39.7 ± 5.7 ac −31.9 ± 4.7 ad −30.6 ± 2.9 bc −34.1 ± 4.9 bd 
5-Jan −49.0 ± 7.2 a −49.5 ± 7.0 b −34.0 ± 5.6 ac −32.8 ± 5.0 bc 
15-Jan −37.7 ± 6.9 a −37.4 ± 7.1 a −32.6 ± 6.4 b −37.5 ± 6.8 b 
18-Feb −31.7 ± 5.1 ac −36.1 ± 5.8 ad −23.5 ± 3.9 bc −29.1 ± 5.2 bd 
23-Mar −23.3 ± 4.9 ac −26.4 ± 5.3 ad −15.4 ± 2.9 bc −20.7 ± 3.7 bd 
9-Apr −29.5 ± 5.8 ac −32.6 ± 6.2 ad −24.7 ± 4.7 bc −28.8 ± 5.1 bd 
22-Apr −21.6 ± 4.9 ac −24.0 ± 5.2 ad −9.70 ± 1.6 bc −14.1 ± 2.8 bd 
z These data are presented in Fig. 2A–D in Chapter 2. 
y Separation of LT50 values ± SE within rows by overlapping confidence intervals using 
Bonferroni’s correction for multiple comparisons.  LT50 values followed by the same letter 
in a row are different at P ≤ 0.05. 
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METHODS USED IN THE NONNECKE FRUIT CROP LABORATORY 
Testing grape maturity: procedures for soluble solids, pH, and titratable acidity 
Protocol written by Dennis Portz and described in Amerine and Ough (1974), as used in the 
Nonnecke berry-analysis laboratory.  
Required Supplies: 
Refractometer 
pH meter plus pH 4.0 and 7.0 buffer solutions 
Buret with buret clamp and stand 
Electronic magnetic stirrer (no heat) and magnetic stir bar 
Blender (optional) 
0.1 N sodium hydroxide (NaOH) (laboratory grade) 
2 squeeze bottles of distilled water and a small beaker for cleaning mechanisms 
Distilled deionized water 
Kimwipes® (paper towels should not be used on digital equipment) 
Sheets for record keeping 
Per sample: 
Funnel 
Cheesecloth (double thickness) 
250-mL Erlenmeyer flask 
10-mL graduated cylinder 
 
100-mL graduated cylinder 
Stir bar 
250-mL beaker 
Eye dropper or disposable 
Pipette 
Optional items if no pH meter is available: 
pH paper (3.0–5.5) 
Phenolphthalein indicator solution (1.0% in 50% alcohol) 
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Sample collection: 
1. Randomly collect berries representative of the crop.  In general, about 100 berries are 
adequate.  Berries at the top of the cluster are more mature than at the bottom of the 
cluster, and sampling should be done randomly from the top, middle, and bottom of the 
clusters, or confined to the middle section. 
2. Leave berries whole and conduct the maturity testing as soon as possible.  If you are 
unable to perform tests that day, freeze the berries and let them come to room 
temperature before conducting the tests at the later time. 
 
Laboratory Preparation: 
1. Place a funnel in a 250-mL Erlenmeyer flask. 
2. Cut a double-layer of cheesecloth into a 15.2–20.3-cm square (or large enough to fit up 
the sides of the funnel when folded into quarters. 
3. Fold the cheesecloth into quarters and open it up so it forms a cone when inserted in a 
funnel. 
4. Blend all of the berries in a blender for 6.0 s (optional).  Otherwise, crush the berries in a 
beaker. 
5. Pour the mixture of berries into the cheesecloth, in the funnel so that the liquid portion 
will drain into the 250-mL Erlenmeyer flask.  After the juice has run out freely, squeeze 
the pulp in the cheesecloth to obtain the remaining juice. 
 
Soluble solids (SS) with a refractometer: 
1. Clean the prism with distilled water and pat dry with a Kimwipe®. 
2. When ready, place enough grape solute on the prism to cover the surface (≈ 2 drops), and 
read. 
3. Record SS, clean the prism, and conduct SS sampling again (2 samples recorded), and 
record the average. 
 
Initial pH and titratable acidity: 
1. Calibrate the pH meter. 
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a. Calibrate the pH meter according to the owner’s manual and instructions by 
standardizing the meter to one of the buffer solutions (usually pH 4.0 buffer). The 
standardize it to the second buffer (usually pH 7.0 buffer). 
b. Between buffers and at the end of the standardization procedure, rinse off the 
electrode with distilled water and pat dry. 
 
Preparing the juice sample: 
1. Measure 5.0 mL of grape solute in a 10-mL graduated cylinder. 
a. When measuring liquids in graduated cylinders, pipettes, or burettes, always read 
or measure the level of the liquid at the bottom of the meniscus (bottom of the 
“U”) formed by the surface tension of liquid adhering to the sides of the 
container. 
2. Pour the grape solute from the 10-mL graduated cylinder into a 250-mL beaker.  Using a 
100-mL graduated cylinder, measure 95.0 mL of distilled water and add it to the grape 
solute (totaling 100 mL of diluted grape solute).  Some grape solute will remain in the 
10-mL graduated cylinder. 
a. Graduated cylinders and pipettes are calibrated to either deliver or contain a 
measured amount of liquid.  Those calibrated to deliver a measured amount of 
liquid will have the letters “TD” etched on them, while those calibrated to contain 
a measured amount will have “TC” etched on them. 
b. When using graduated cylinders or pipettes calibrated to deliver (TD) a measured 
amount of liquid, do not add the grape solute that remains in the cylinder or 
pipette to the test solution.  To insure that the proper amount of liquid is 
dispersed, touch the lip of the graduated cylinder or pipette to that of the sample 
beaker. 
c. When using graduated cylinders or pipettes calibrated to contain (TC) a measured 
amount of liquid, add the grape solute that remains in the cylinder or pipette to the 
test solution by rinsing the container out with some of the distilled water. 
 
Running the test for initial pH and titratable acidity: 
 
69 
 
1. Assemble the buret stand and clamp over the magnetic stirrer so the buret will dispense 
the 0.1 N NaOH into the beaker of the diluted grape solute and allow a magnetic stirring 
rod to rotate freely.  The pH electrode will need to be positioned in the diluted grape 
solute and not interfere with the stirring rod. 
2. Fill the buret with the 0.1 N NaOH and attach it to the buret clamp (It is not necessary to 
fill to the “zero” line at the beginning or between samples). 
3. Place a stir bar into the beaker of diluted grape juice solute and place on the magnetic 
stirrer. 
4. Clean the electrode tip of the pH meter and then place the electrode tip into the solute, 
making sure that it is not disturbed by the magnetic stirrer. 
5. Wait a few seconds until the machine has stabilized. 
6. Read and record the initial pH. 
a. If no pH meter is available, 3.0–5.5-range pH paper can be used to estimate the 
initial pH.  It is suitable for white-wine cultivars, but somewhat difficult to read 
on red-wine cultivars. 
7. Record the initial level of the 0.1 N NaOH in the buret.  Remember to read the level at 
the bottom of the meniscus. 
8. Begin titrating the sample by adding 0.1 N NaOH in the buret.  Remember to read the 
level at the bottom of the meniscus. 
9. Begin titrating the sample by adding the NaOH until the solution reaches and end-point 
of pH 8.2. 
a. The change in pH will be slow during the initial stages of titration, and will begin 
to change very rapidly as the pH reaches ≈ 7.6 to 7.8.  Slow down and add a drop 
at a time allowing the pH meter to stabilize between drops.  At about pH 8.0, 
check and record the level of NaOH in the buret just in case the next drop puts the 
pH over 8.2. 
b. Titratable acidity (TA) can also be measured without a pH meter by using a 
phenolphthalein indicator solution, which has an end-point (pink color) at a pH of 
8.2.  To run TA with phenolphthalein, prepare the grape juice solute as described 
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about and add about 1.0 mL of the indicator solution, and add 0.1 N NaOH until 
the solute turns a pinkish color. 
10. When the pH reaches 8.2, stop and record the milliliters of NaOH used (end point level 
minus the initial level of NaOH in the buret). 
 
Calculating titratable acidity (TA): 
The basic formula is: 
((___ mL NaOH used × ___ Normality of NaOH × 0.075 (tartaric acid conversion unit)) ÷ 
___ mL of juice/ solute) × 100 = %TA 
 
When using 0.1 N NaOH and 5 mL of grape juice, the formula becomes: 
((___ mL NaOH used × 0.1 N NaOH × 0.075 (tartaric acid)) ÷ 5.0 mL of juice/ solute) × 100 
= %TA 
 
___% TA × 10.0 = ___ g of tartaric acid L-1 grape juice 
 
This formula converts to: 
TA (g L-1) = ___ mL of NaOH × 1.5 
 
Optimal juice indices for making most table wines: 
(Provided by Dr. Murli Dharmadhikari, Extension enologist. 2005) 
Wine Style SS (Brix) Initial pH TA 
White tables wines 21 –22 Brix 3.2–3.4 7–9 g L-1 
Red table wines 22–24 Brix 3.3–3.5 6–8 g L-1 
 
When the initial pH reaches the 3.6 to 4.0 range, there is greater potential for bacterial 
growth.  Wines will be more oxidized, have less color, and have less desirable flavor 
characteristics.
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 METHODS USED IN THE ARORA STRESS PHYSIOLOGY LABORATORY 
Controlled laboratory freezing test protocol 
 
As used in the Arora cold-hardiness laboratory, using 2.5-cm grape cane internode segments 
1. For the cooling bath: 
2. Label test tubes and cover them with saran-wrap. 
a. Labels = plant identity, replication number, and target temperature. 
3. Pipette 1.8 mL of deionized water into each tube.  Take care to pipette water to the 
bottom of the tube and not along the sides. 
4. Divide canes into 2.5-cm segments.  Take care not to include bud tissues and avoid using 
damaged tissues. 
5. Rinse samples in dionized water and pat them dry with paper towels. 
6. Place each sample in a test-tube w/ cap (control) or heavy screw (for test).  A screw is 
used to weigh the test tube down in the glycol bath. 
7. Hold control samples at 4 ºC for the length of the test and overnight thawing time. 
8. Place tubes into the glycol cooling bath (Isotemp 3028).  Take care that the level of 
glycol is maintained.  Store extra glycol at 4 ºC.  
a. Also be sure not to allow glycol into a tube at anytime during the test. Be quick, 
but careful. 
9. Allow 2 h at the initial temperature for acclimation. 
10. Promote ice nucleation in sample tissues by adding 1 ice fragment to each test tube.  The 
fragment should be in contact with the base of the tissue and the water. 
11. Allow 2 h at the initial temperature for ice nucleation. 
a. Ice nucleation can be monitored by placing a thermocouple at the base of a 
segment. The temperature will briefly increase, indicating nucleation. 
12. Remove the tube marked for removal after exposure to the initial temperature and place 
on ice. 
13. Lower the bath temperature to the next target temperature and wait for the pre-
determined time (according to your cooling rate) before removing the next tube. 
14. Place tubes on ice to thaw overnight after removal from the bath. 
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15. Hold tubes at 4 ºC for 2 h. 
16. Hold tubes at room temperature (22 ± 2 ºC) for 72 h to allow gradual thawing.  Wrap the 
tubes in aluminum foil during this time to block light penetration.  
 
1. For the chamber freezer:  
2. Label 3 × 5 polyethylene zip-sealing bags. 
a. Labels = plant identity, replication number, and target temperature. 
3. Divide canes into 2.5 cm segments.  Take care not to include bud tissues and avoid using 
damaged tissues. 
4. Rinse samples in deionized water and pat them dry with paper towels. 
5. Wet a Kimwipe® with dionized water and it wrap around the base of a sample.  The tissue 
should be moist, but not dripping. 
6. Place 4 replications for each sample in a polyethylene bag.   
7. Place the control bag at 4 ºC. 
8. Place test bags into the programmable chamber freezer. 
9. Set the freezer program according to the protocol for that freezer.  Be sure that samples 
will be held at the target temperature assigned to them before removal. 
10. Allow 4 h at the initial temperature for acclimation and ice nucleation in tissues. 
11. Place bags on ice to thaw overnight after removal from the bath. 
12. Cover bags in aluminum foil and hold at 4 ºC for 2 h. 
13. Hold bags at room temperature (22 ± 2 ºC) for 72 h. to allow gradual thawing. 
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 Sodium borate extraction for protein 
 
From Wetzel et al, 1989; Arora et al., 1992; Scott Kalberer laboratory notes, As used in the 
Arora cold-hardiness laboratory. 
1. Make 100 mM PMSF stock in isopropyl alcohol on the same day of the extraction. 
2. Prepare the buffer (pH 9.0). 
a. 50 mM sodium borate     
b. 50 mM ascorbic acid 
c. 1% (v/v) β-mercaptoethanol   
d. 1 mM PMSF   
i. Add PMSF and β-mercaptoethanol to cold buffer right before adding 
plant tissue.  Prepare only enough buffer to use for that day.  A stock 
solution of sodium borate + ascorbic acid can be stored at 4 ºC. 
3. Cool the centrifuge and all tools to 4 ºC. 
4. Fill cool, labeled 2.0-mL microcentrifuge tubes with 0.125 g insoluble PVPP and cool 
to 4ºC. 
5. Add 1.5 mL of borate buffer to 2.0-mL microcentrifuge tubes on ice. 
a. Vortex to mix evenly and prevent the buffer from freezing.  PVPP also 
removes phenols, so it is better if the PVPP and buffer are mixed before plant 
tissue is added. 
6. Add 0.15 g fresh, ground, cane tissue and vortex vigorously on the top and bottom of 
the tube. 
7. Shake at setting 6 at 4 ºC for 30 min. on a vortex-shaker. 
a. Keep tubes on ice when not shaking or vortexing. 
b. Allow the shaker to rest periodically. 
8. Centrifuge at ≈ 21,000 × g at 4 ºC for 40 min. 
9. Collect supernatant and transfer to a 1.5-mL microcentrifuge tube on ice.  Set that 
tube aside on ice.  Take care not to pipette any of the pellet into the new tube. 
10. Add 600 µL of borate buffer to resuspend each pellet and vortex vigorously on the 
top and bottom of the tube.  Do not allow sample to warm; Place back on ice as 
needed. 
 
74 
 
11. Shake at setting 6 at 4 ºC for 30 min. on a vortex-shaker. 
a. Allow the shaker to rest periodically. 
12. Centrifuge at ≈ 21,000 × g at 4 ºC for 40 min. 
13. Collect supernatant and pool with that from the previous extraction.  Take care not to 
pipette any of the pellet into the new tube. 
14. Centrifuge at ≈ 21,000 × g at 4 ºC for 10 min. 
15. Filter supernatant into a new 1.5-mL microcentrifuge tube with a 1.0-mL syringe and 
0.4-µm cellulose acetate membrane.  Repeat this step a second time. 
a. Remove syringe plunger and place filter on the tip.  Then pipette the 
supernatant into the syringe barrel.  Tap the syringe to remove air-bubbles.  
Replace the plunger and depress slowly while holding the filter in place.  Do 
not force the plunger as the membrane may break and the sample may be lost.  
If the filter is clogged it should be replaced. 
b. Avoid breaking the filter by detaching it from the syringe barrel before 
removing the plunger.  The same filter can be used again for the same sample, 
unless it is clogged. 
16. Record how much supernatant is in the syringe before depressing the plunger. 
17. Dilute the sample to 1.0 mL total volume with cold, distilled-deionized water, if 
necessary, and vortex. 
18. Add 110 µL of cold 100%TCA (≈ 10% (v/v) TCA final) and vortex. 
19. Rest tubes on ice in for 30 min. to precipitate proteins.  
20. Centrifuge at ≈ 21,000 × g at 4 ºC for 30 min. 
21. Pour of the supernatant and wash the pellet 3 times with 1.0 mL of cold acetone (−20 
°C).  Take care pouring off the supernatant each time as the pellet will become 
progressively less adherent to the walls of the tube. 
a. Centrifuge at 21,000 × g for 15 min. and pour off the supernatant. 
b. Chop up the pellet with a clean probe before the first wash. 
c. Vortex vigorously after acetone addition for the second and third washes. 
22. Allow pellets to dry on the bench-top for ≈ 3–4 h or overnight. 
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23. Add 100 µL of loading buffer (Laemmli buffer) containing trace amount of 
bromophenol blue as a tracking dye. 
24. Place microcentrifuge tubes with sample in warm water for 10 min.   
25. Shake for 30 min. at setting 3 on the vortex-shaker at room temperature. 
26. Place in warm water for 5 min. 
27. Shake for 15 min. at setting 3 on the vortex shaker at room temperature. 
28. Centrifuge for ≈ 1 min. 
29. Store samples at 4 °C for next-day use.  Samples can, otherwise, be stored at −20 °C.  
Multiple freeze thaw cycles did not seem to interfere with the quality of grape-cane 
proteins in SDS-PAGE. 
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 Discontinuous SDS-PAGE mini-gel  
 
As used in the Arora cold hardiness laboratory. 
1. Check large and small glass plates for defects such as scratches or nicks.  The best faces of 
the plates should contact the gel and the best edge should contact the gasket of the casting 
stand. 
2. Clean plates, stands, clamp-assembly, and spacers with 70% ethanol and Kimwipes®. 
3. Loosen the screws on a clamp-assembly. 
4. Slide a large plate into the assembly, between the screws and the clear, plastic panel, then 
spacers on the right and left sides, and finally, the small plate (in front). 
5. Align the sandwich and tighten the screws using the stand on a level surface.  Check the 
alignment by assessing the bottom of the sandwich.  The bottom edges of the sandwich 
pieces should be even.  Tighten the screws evenly to insure that the gel will polymerize 
evenly. 
6. Lock assembly into stand by placing the bottom on the gasket and then sliding the clear, 
plastic panel of the assembly under the notch on the casting stand.  The protruding pieces 
on the clamp assembly should face upwards, and the uneven edge of the clear panel 
should be at the bottom. 
7. Prepare 1.0 mL of 3% ammonium persulfate (APS) in a 1.5-mL microcentrifuge tube on 
the same day so that it effectively creates free radicals. 
8. Mix separating gel in the order indicated below for 12.5% gels. 
 
Step 1 gel 2 gels Reagent 
1 1.54 mL 3.08 mL deionized water 
2 2.20 mL 4.40 mL 1.0 M Tris (pH 8.8) 
3 60.0 mL 120 µL 10% SDS 
4 2.1 mL 4.2 ml 36% acrylamide aqueous solution 
5 100 µL 200 µL 3% ammonium persulfate 
6 4.0 µL 8.0 µL TEMED 
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9. The reagents can be evenly mixed by gentile swirling.  The gel will polymerize as soon 
as the TEMED is added.  The APS and TEMED should be added to the solution right 
before the gel is poured.  Actions should be careful yet quick while pouring the gel. 
10. Pipette ≈ 3.7 mL of solution between the glass plates slowly to avoid creating bubbles. 
a. The height of the gel can be checked by inserting a comb after pouring the gel.  
The level of the solution should be ≈ 1.0 cm below the ends of the teeth of the 
comb.  The comb can then be removed. 
11. Add 1−2 mL of deionized water on to the surface of the gel to prevent contact with the 
air.  Take care not to “water bomb” the gel. 
12. Allow the gel to polymerize for 45−60 min. 
13. Mix the stacking gel solution: 4% gels 
 
Step 1 gel 2 gels Reagent 
1 1.663 mL 3.325 mL deionized water 
2 0.313 mL 0.625 mL 1.0 M Tris (pH 6.8) 
3 250mL 500 µL ml 36% acrylamide aqueous solution 
4 25 µL 50 µL 3% ammonium persulfate 
6 4 µL 8 µL TEMED 
14. Mix the solution thoroughly by gentile swirling. 
15. Remove water from separating gel by tipping stand gently and wicking out the water 
with a Kimwipe®.  
16. Insert a clean comb at a slight angle to prevent bubble formation.  The teeth of the comb 
should not touch the separating gel. 
17. The gel will polymerize as soon as the TEMED is added. 
18. Pipette the stacking gel solution on to the top of the separating gel.  The gel may shrink 
somewhat, so it is important to fill the wells of the comb.   
19. Place the comb so that it sits evenly on the spacers.  If there is a bubble in the solution, 
pick the comb up and reinsert it such that the bubbles are removed. 
20. Allow 45−50 min. for polymerization. 
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21. Warm samples (in loading buffer) in warm water for at least 10 min., shake them gently 
for a few minutes, and centrifuge them briefly.  The samples should be centrifuged just 
before loading into the gel. 
22. Remove combs from the clamp-assemblies (straight out) and then remove the clamp 
assemblies from the casting stand one at a time.  Lock them into an electrode assembly 
by sliding the two protrusions at the top of the assembly into the holes at the top of the 
electrode assembly.  The electrode assembly should be laid down flat on the bench and 
the screws on the clamp assemblies should face outward.  The short plate should now be 
the back plate and the large plate should be in the front. 
23. Place the electrode assembly into a buffer chamber.  Two assemblies are needed as they 
create the upper buffer chamber.  This formation sits in a lower buffer chamber. 
a. The notch in the gasket of the electrode assembly should face the clamp 
assembly. 
b. If only one gel is run, the other side of the electrode assembly should have a 
clamp assembly locked in place and should contact the smooth side of the 
gasket on the electrode assembly.  
24. Fill the upper buffer chamber with 400 mL of 1× running buffer until it reaches the top 
of the large plates.  Wait a few minutes to determine if the upper buffer chamber will 
leak.  If there is a leak, electrophoresis must be monitored closely.  Electrophoresis may 
be paused to pipette more buffer from the lower buffer chamber to the upper buffer 
chamber. 
25. Fill the lower buffer chamber using the remaining portion of the 1× running buffer.  The 
volume of the buffer should cover half of the lower set of screws on the clamp 
assemblies. 
26. Remove molecular-weight markers from the freezer, allow them to thaw, and put them 
back in freezer after loading the gel. 
27. Pipette protein samples/ markers into the wells made by the comb using a syringe.  
Avoid overflowing the wells and rinse syringe between samples by repeated aspirations 
with deionized water. 
28. Pipette loading buffer into the two end wells using the syringe. 
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a. Pipette more sample than needed into the syringe and then expel any that you 
don’t need in order to obtain the correct volume.  Any pellet at the bottom of 
the tube should be avoided. 
b. Maneuver the syringe tip just inside the well such that the stacking gel is not 
pierced. 
29. Place the electrode hat on the electrodes of the electrode assembly and connect the other 
end to the power source.  Red cables should contact red electrodes and black cables 
should contact black electrodes. 
30. Select program #1 to run for 60−80 minutes.  Prepare a dish with 30 mL of 12% TCA as 
the dye reaches the bottom of the gel. 
31. Allow the tracking dye to run just off the gel.  Turn off power supply and remove the 
electrode hat. 
32. Remove the electrode assembly from the buffer chamber and pour buffer from the upper 
buffer chamber.  Remove clamp assemblies, loosen screws, and slide out sandwiches. 
a. Remove assemblies by pushing down on both sides of the electrode assembly 
and upwards on the clamp assembly. 
33. Remove one of the plates carefully (the gel will be somewhat adherent to the plates), 
remove the spacers and cut off stacking-gel lanes with a razor blade. 
34. Cut off the top left corner of the stacking gel to identify the gel’s orientation. 
35. Carefully slide the gel off the plate by squirting the edges with deionized water.  The 
spacers may be used to gently push the gel off the plate and into the dish of TCA.  
36. Rinse the gels in ≈ 30 mL of 12% TCA on a slow shaker table for 2 h to permanently fix 
proteins in the gel. 
37. Rinse the gel with deionized water 3 times by placing it on a shaker table each time for a 
few minutes. 
38. Agitate diluted colloidal Brilliant Blue stain and add 40 mL of stain to 10 mL of 
methanol. 
39. Pour off the deionized water and use paper towels to wick up any residual water. 
40. Add the 50 mL of stain solution to the gel, cover the dish with a lid, and wrap it in 
aluminum foil to block out light. 
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41. Place the plate on a shaker table to stain overnight. 
42. Pour off the stain and wick out the dish. 
43. Add some 25% methanol and place on the shaker table for no more than 10–15 min. 
a. The methanol may be changed periodically. 
44. Wash out residual methanol with deionized water. 
45. Store gels at 4 ºC submerged in deionized water. 
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Colorimetric protein estimation 
 
Esen, 1978, as used in the Arora cold-hardiness laboratory. 
1. Prepare a bovine serum albumin (BSA) stock solution (5 µg µL-1 in loading buffer). 
2. Dilute the BSA stock solution according to the chart below.  The volume of each 
standard should equal 1.0 mL with known concentrations of BSA. 
*gray values are used to prepare smaller volumes of the BSA standards. 
 
µL BSA 
stock 
µL Loading 
Buffer 
Total µg 
in 1.0 mL 
µg BSA in 
a 5 µg spot 
µg µL-1 
BSA 
µL BSA 
stock 
µL 
Loading 
Buffer 
0 1000 0 0.0 0.00 0 500 
50 950 250 1.25 0.25 25 475 
100 900 500 2.5 0.50 50 450 
200 800 1000 5.0 1.00 100 400 
400 600 2000 10.0 2.00 200 300 
800 200 4000 20.0 4.00 400 100 
3. Prepare Coomassie Brilliant Blue R-250 (CBB-R) stain solution 
a. 65% DI water + 25% isopropyl alcohol + 10% glacial acetic acid by volume. 
b. Add enough CBB-R stain to make a 0.1% (w/v) solution. 
c. Mix for 3 or more hours in foil-wrapped bottle. 
d. Filter and store the solution under the sink. 
4. Prepare a 1% SDS solution by diluting 10% SDS ten-fold using double-deionized 
water.  Filter this solution. 
5. Cut a square of 0.66 mm thickness of Whatman #1 chromatography paper and make a 
grid using a pencil. The specifications are as follows: 
a. 54 squares on a 10 cm × 11 cm piece of paper. 
i. 9 lines on the long axis should be 11 mm apart. 
ii. 7 lines on the short axis should be 14 mm apart, parallel to the long 
axis. 
b. Label BSA standard lanes (1–6, as noted on chart) and sample lanes, and label 
the lanes for your samples. Each standard or sample will be spotted 3 times. 
c. Clip one corner of the grid to identify its orientation. 
 
82 
 
6. Place the grid on top of a clean test-tube rack covered in foil for spotting.  Always use 
gloves to handle the grid. 
7. Samples and standards should be removed from 4 °C and sit in luke-warm water for 
3–4 min. before spotting. 
8. Pipette 5.0 µL of the appropriate solution on to each square, in the very center. Each 
solution should be spotted in triplicate. 
9. Dry the grid, on top of the rack, using a hair dryer, for 10–15 min. or until completely 
dry.  The hair dryer should be set to high and the paper should be weighted at the 
corners 
10. Once dry, place the paper in a tray and cover with enough 0.1% CBB R-250 stain to 
cover the paper. 
11. Cover with foil and shake at 30 rpm for 15 min. 
12. Pour off stain and rinse with 200 mL of deionized water 3 times by shaking the dish 
for 30 s each time. 
13. De-stain the paper in 400 mL of deionized water on a shaker table for 15 min. 
14. Pour off the water, gently lift the paper from the dish, and place it on the foil-covered 
rack.  Dry with the hair dryer for ≈ 30 min. 
15. Cut out the squares using clean scissors and place each square directly into labeled, 
test tubes containing 3.0 mL of 1% SDS and cap each tube. 
16. Shake the tubes at 165 rpm for 40 min. 
17. The elutant solutions can be stored at 4 °C at this point after the paper is removed. 
18. Solutions should be at room temperature before using for spectrophotometry. 
19. The spectrophotomer must be turned on at least 30 min. before use. 
a. The switch is on the back, right of the machine. 
b. Click on [UV VIS] and [VIS OFF] (It should change to [VIS ON]). 
20. Decant solutions into 3.0-mL cuvettes.  1 cuvette may be used for all 3 replicates of 
the same sample.   
21. The appropriate program is already in the computer (Esen).  The program will read 
light absorbance at λ = 600 nm. 
a. Select “applications”Æ “protein”Æ “method”Æ “A:/ESEN” 
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22. Blank the spectrophotometer twice by clicking [BLANK]. 
i. All absorbencies should be in reference to water blanks, which are set 
at 0.00. 
23. Insert the 0 BSA standard and click [BLANK], and then click [READ]. 
24. Read all of the BSA standards and record all of the information returned by the 
program for those standards. 
25. Have the computer plot a linear regression of the protein concentrations (µg µL-1) of 
the BSA standards against the mean of the absorbencies for those standards.  The 
program will use an average of the 3 replicates for each plot-point. 
26. Record the r-value.  The r-value should be at least 0.99 for an accurate standard 
curve. 
27. Exit and choose [SAMPLE].  Read your samples the same way the blanks were read.  
If the spectrophotometer begins to return drifting absorbencies, it may be blanked 
again. 
28. Record the following information returned by the program: 
a. Concentration  (µg µL-1) 
b. Dilution factor (DL) 
c. Coefficient of variation (%CV) 
29. You should multiply concentrations by their dilution factor to obtain the average of 
the original undiluted, protein solutions.  In this case, the dilution factor is 1.0, so the 
concentration is the same.  The program will then average the concentration values 
for a sample. 
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hould lean against the side of the 
Western blotting 
 
Arora and Wisniewski, 1994, and notes provided by Scott Kalberer, as used in the Arora cold 
hardiness laboratory.  
1. Fill the cooling core with deionized water and freeze at −20 °C. 
2. Soak filter papers and sponge pads (2 of each for 1 membrane) in blotting buffer in 
covered, clean plastic trays at 4 °C.  It should take ≈ 400 mL of blotting buffer to soak the 
pads and membranes, and ≈ 600 mL of blotting buffer to fill the buffer chamber. 
3. Cut the nitrocellulose membranes to the size of the gels.  Wait to remove the paper until 
you assemble the sandwich and use gloves and forceps when handling the membrane.  
You may wish to clip a corner of one membrane if you have two blots. 
4. Equilibrate the membrane for 30 min. in a dish with blotting buffer at 4 °C.  Wet the 
membrane evenly (it is very hydrophobic) by shaking immediately after placed into dish. 
Blotting buffer: 
a. 25 mM Tris-base [pH 8.0] d. 3.03g Tris-base 
b. 192 mM Glycine, 20% (v/v) e. 14.4g glycine 
c. methanol  f. 200 mL methanol 
Make the volume of the buffer up to 1000 mL. 
5. Prepare in a baking dish: 
top 
a. blotting electrode assembly 
b.  2 sandwiches  
c. Glass stir rod 
d. forceps  
e. Prepare a dish with blotting buffer for the gel as it 
finishes electrophoresis. 
6. Equilibrate the gel for 10−15 min. in blotting buffer.  
Use forceps to handle the very corner of the protein 
standard side of the membrane. 
top 
Fig. 1.  Orientation of 
the gel and membrane 
during transfer. 
7. Assemble the transfer cassettes.  The black panel 
should face down on the glass dish.  The clear panel s
dish.  Assembly is as follows: 
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i. Cathode (+) (grey/ black) 
ii. sponge pad 
iii. Filter paper 
iv. Gel  
v. Membrane 
vi. Filter paper 
vii. sponge pad 
viii. Anode (−) (clear) 
b. Take care to line all of the pieces up and orient the gel and membrane so the 
membrane will read left to right, as shown in Fig. 1. 
c. To reduce bubbles between the gel and membrane, roll a clean glass stir rod across 
the membrane. 
d. Keep the sandwich wet with blotting buffer 
8. Close the sandwich evenly and lock it. 
9. Place both sandwiches in the gel tank.  Black sides of the sandwiches should face the 
black cathode side of the electrode assembly.  The completed assembly should be placed 
in a buffer chamber with the black side facing the middle of the chamber. 
10. Add a stir bar into the chamber and place the cooling core inside. 
11. Fill the tank with blotting buffer until the top row of holes on the sandwiches is covered. 
12. Place the chamber on a stir plate, place the electrode hat on top and run electrophoresis 
program #2 for 65 min.  Program two is set at 100 V for 75 min. 
13. Remove the assembly, unlock the sandwiches, and lift off the sponge pads and filters. 
14. Gently lift the membrane from the gel using forceps. The side facing the gel should face 
up, as shown in Fig. 2 for the rest of the procedure so the transferred proteins are not 
smeared. 
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 UP 
 
 
Fig. 2.  Orientation of the membrane should be maintained in throughout the procedure.  
 
15. This is a good time to cut the membranes with a clean scissors. A razor blade will tear the 
membrane. Only cut the borders where there would not be any bands.  After lifting the 
sponge pad and filter paper from the membrane, you can see where the gel was in contact 
with the membrane and cut off excess material. 
16. Wash the membrane with TBST (Tris-buffered saline + Tween 20) for ≈ 5 min.  Place the 
membrane in 50 mL of blocking buffer (3% non-fat dry milk in TBST) for 45 min. This 
solution may be reused a few times.  Rinse excess blocking buffer off in TBST, briefly. 
17. To bind primary antibody, replace the blocking solution with the appropriate dilution of 
primary antibody.  Check the literature from the manufacturer for the suggested dilution. 
18. Incubate the membrane in the primary antibody overnight on the shaker at ≈ 50 rpm at 4 
°C. 
19. Remove secondary antibody dilution from the refrigerator and bring it to room 
temperature (20 min). 
20. Remove AP buffer from the fridge to warm (≈ 1.5 h) 
a. Pipette 10 mL into a clean tube and cover with foil to protect it from light. 
21. Remove membranes from primary antibody solution by gently lifting out with a forceps 
and rinse with TBST for ≈ 10 min. 
22. Pipette solution with unbound primary antibody back into its container.  Wick as much as 
possible back into the tube.  The primary antibody can be stored on ice and reused (It will 
get weaker with continued use). 
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23. Wash the membrane two more times in TBST for 10 min. each. 
24. Transfer the membrane to a new plate with the secondary antibody dilution and incubate 
it for 45 min. with gentle agitation on a shaker table at room temperature. 
25. Remove membranes from the secondary antibody and place in a new dish with TBST to 
wash 3 times for ~10 min. 
26. Remove NBT and BCIP from the freezer to add to the AP buffer.  Add 33 µL BCIP and 
66 µL NBT.  Mix the solution by repeated aspirations and inversion after each addition.  
Be certain to shield the solution from light. 
27. Turn off the room lights (but, be sure it is not too dark in the room to see the reaction). 
28. Pour the color-reaction mixture into a large, glass petri dish. 
29. Lightly blot the membranes right-side up with filter paper before placing into solution 
30. Place the membranes into the petri dish, one at a time, and swirl the dish for ≈ 1.5 min. 
Bands should appear quickly, so watch to determine when you should stop the reaction.  
Bands should not take longer than 15 min. to appear. 
31. Stop the reaction by washing the membrane in 3 changes of deionized water (quickly). 
32. The membrane can be photographed while still wet by placing it on top of a damp piece 
of filter paper.  Be sure to mark the molecular weight bands with a pen when the 
membrane is dry enough because they may fade quickly. 
33. The membrane can be air-dried on filter paper for storage.  The bands and background 
will fade slightly upon drying but can be restored by moistening with water or TBST.  
Protect the membrane from light during prolonged storage. 
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METHODS FOR IMAGE J SOFTWARE  
Measuring protein molecular weight using Image J 
Lee H.T. Goldsmith 
1. Measure the length of the stacking gel with a ruler.   
2. Measure the length until the dye-front (if present) with a ruler. 
3. Open the Image J program. 
4. Open your picture file.  The file must be a 16-bit grayscale file. You can change the 
picture type under the “Image” menu. 
5. Adjust picture for best band resolution so you can clearly see your bands of interest. 
6. Measure the length of the staking gel by clicking and dragging on the image.  Choose 
the straight line function from the tool bar. 
7. Choose “set scale” in the “analyze” menu.  Enter a pixel ratio of 1.0.  Enter the 
“known distance”.  Enter the units. 
8. Draw a straight line to the first molecular weight marker from the top of the stacking 
gel.  Choose “measure” from the “analyze” menu or [ctrl+M].  Do this for each 
molecular weight marker 
9. Copy the lengths measured to a spread sheet. 
10. Assign the measured distances to the appropriate molecular weight marker. 
11. Take the log10 of the molecular weight for each marker. 
a. Precision Plus (BioRad) markers = 250, 150, 100, 75, 50, 37, 25, 20, 15,  and 
10 kDa 
12. Find the relative migration distance for each marker (Rf).  Divide the distance the 
band traveled (lengths you measured in Image J) by the distance the dye front 
traveled. 
13. Plot your Rf values on the x-axis and your log10 molecular weight values on the y-
axis. 
14. Plot a trendline through your data points.  Choose the straight line function (y = 
mx+b).  Choose “display r2-value” and “display equation”. 
15. Check your values by substituting a distance value of a molecular weight marker for 
“x” in your line equation. The resulting y-value should be the same as the 
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corresponding log10 value for that molecular weight marker (It should return the same 
molecular weight you used to create the curve).  Check a few different distance 
values to be certain the slope for the equation is correct.  If the equation returned by 
the computer is not correct, use other software to find a more accurate equation.  
16. Once you have the correct equation for your line, you can find the molecular weights 
for each band of interest.  Refer to step 8 to measure the distance traveled for your 
unknown bands. 
17. Record the measurements for your unknown bands in your spread sheet. 
18. Find the Rf values for the bands. 
19. Put those Rf values into “x” in your equation.  The equation will return the log10 
molecular weights of the bands.  Take the reverse log of those values to find their 
molecular weight. 
 
Plotting a straight-line function using the TI-83 Statistical graphing calculator. 
1. Enter your x-values as follows: 
a. {1,2,3,4,5} 
b. Include the correct bracket type and commas.  Use the [2nd] button for the 
brackets 
 Press [STOÆ] [2nd] L1 [ENTER].  This stores this list as L1 
2. Enter the y-values as you did the x-values, except, you will store them as L2 rather 
than L1. Now you have two lists. 
3. Press [2nd] [CATALOG] and scroll down.  The list is alphabetical. 
4. Select “Linreg (ax+b)”.  Here “a” represents slope rather than “m”. 
5. Press [2nd] L1, L2 [ENTER]. 
6. The calculator will return the r2-value, the value for “a”, and the value for “b”. 
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Analyzing band integrated optical density using Image J 
Lee H.T. Goldsmith 
1. Open the Image J program. 
2. Click FILE then OPEN. 
3. Find your .TIFF picture file and open it. 
4. Click IMAGE then ADJUST.  Adjust the contrast and brightness of the picture to 
minimize the background and to get the best band visualization.  Be sure to modify 
each picture that you will compare in the same way. 
5. Click PROCESS then SUBTRACT BACKGROUND.  Check “light background” and 
“preview”.  It is recommended to start with a rolling-ball radius of ≈ 50.  However, 
you can choose the value that gives you the least background and best band 
visualization. 
6. Click FILE then OPEN.  Find the calibration gel that was run using the same loading 
buffer.  This gel should contain BSA standards of known densities of the following 
succession: 0.00, 0.25, 0.50, 1.00, 2.00, and 4.00 µg µL-1.   
7. Click ANALYZE then SET MEASURMENTS.  The Set Measurements box will 
appear. Check INTEGRATED DENSITY, MEAN GREY VALUE, and DISPLAY 
LABEL. Then click OK. 
8. Select the polygon tool on the tool bar.  Carefully select the first band in lane one.  As 
you select the band make several clicks to manipulate the shape. Each click will give 
you a pivot point.  If you make a mistake you can fix it after you finish the selection 
by clicking, holding, and dragging an out-of-place point. 
9. Click ANALYZE then MEASURE. 
10. A Results box will appear and give you the measurements of that band, including 
Integrated Optical Density (OD or IntDen.).  If your mean min, max, and IntDen. 
values are 0.00 then repeat steps 17–19 for each band until all of the bands have been 
measured. 
11. Click ANALYZE then CALIBRATE.  Choose “Straight line” as FUNCTION and 
type “Optical Density” in the UNITS box. Your measurements will appear in the left 
box.   
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a. In the right box, type in the known optical density for each standard. 
b. Check GLOBAL CALIBRATION.  This will apply the calibration curve to all 
other pictures that are currently open. 
c. Click SAVE and store this calibration for later use. 
12. A box will appear with the calibration curve.  Save the plot. 
13. Move to the RESULTS box and save the measurements. 
14. Highlight these measurements and Click EDIT in the RESULTS box.  CLEAR the 
measurements. 
15. Save your calibration photo. 
16. Move back to your data gel. Repeat steps 8 and 9 for each band in your gel.  
17. SAVE your working gel photo. 
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A TRIS-BASE BUFFER CALCULATOR FOR MICROSOFT EXCEL© 
Keting Chen and Lee H.T. Goldsmith 
This calculator uses the Henderson- Hasselbalch equation and is used to find the 
amount of Tris-base and HCl to add to a desired volume of water to attain a desired solution 
molarity and pH.  The equation, pH = pKa + log([A-]÷[HA]), is incrementally calculated in 
different cells using the information provided for the desired solution, as shown in Appendix 
Fig. 2.  Tris-base has a pKa of 8.12 and a molecular weight of 121.14 g mol-1.  The 
concentration of HCl may be modified, although, a 12.1 N (37%) solution is typical.  Desired 
volume, pH, and molarity of the solution are the variables to be entered into the calculator.  
Cells in the Microsoft Excel© spreadsheet in Fig. 1 labeled “-log(A-/HA)”, “(A-/HA)”, 
“Acid”, and “Dilution factor” indicate those values in gray cells below them with the 
following formulas in corresponding order: Desired pH- pKa, 10^(-log((A- ÷ HA)-1)), 
Desired molarity/((A- ÷ HA)+1), Normality of HCl ÷ Acid.  
The amount of Tris-base to mass is calculated by the equation (desired molarity × 
desired volume × molecular weight of Tris-base) ÷ 1000.  The amount of HCl to add is 
calculated by the equation desired volume ÷ dilution factor. 
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  Desired  Desired Desired Norm. pKa Mol. wt.  
Molarity  Volume  pH of HCl Tris TRIS base 
1.0 100 8.8 12.1 8.12 121.14 
            
            
-log(A-/HA)           
-0.68           
            
(A-/HA)           
4.79           
            
Acid           
0.17           
            
Dilution factor           
70.01           
            
            
Amount of base to mass: 12.1 g     
Amount of acid to add: 1.43 mL     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Design of the Microsoft Excel© spreadsheet.  Values that do not change are 
highlighted in gray. 
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